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PREFACE 



In submitting the series of articles appearing in Aviation and 
Aeronautical Engineering in book form, only minor corrections 
have been made. 

No attempt has been made for obvious reasons to include new 
material at hand, and under stress of urgent war work no systematic 
revision has been attempted. 

It is felt, nevertheless, that as the articles contained matter 
mainly regarding fundamental principles, that they will still be of 
assistance, particularly to younger designers and draftsmen, while 
they should be of value as a reference to more experienced men. 

The author has, unfortunately, not had the advantage of Mr. 
Huff's valuable collaboration in this production in book form. He 
thanks Mr. G. M. Denkinger, instructor in aeronautics at the Massa- 
chusetts Institute of Technology, and Mr. Clarence D. Hanscom 
for valuable assistance in corrections. 



Alexander Klemix 



Dayton, Ohio, 
October, 1918. 




INTRODUCTION 

This work, practically a coui'sc in aerod>Tiamics and airplane design, is subdivided into two parts: Part I, 
Aerodynamical Theory and Data; Part II, Airplane Design. 

In PART I it is proposed to deal briefly with the fundamental ideas and theories of aerodynamics in a simple 
yet comprehensive manner. 

It is important for the aeronautical engineer and for every student of aerodynamics to have at his disposal 
exact definitions of such terms as lift, drag or resistance, center of pressure, wing cord, angle of incidence, and 
other well known expressions. 

Although the exact nature of viscosity, skin friction, eddying or density resistance, stream line flow, turbu- 
lent flow, the sustaining action of cambered wing surfaces, and the principles of comparison for forces on bodies 
of varying dimensions still x)resent many difficulties, it is hoped to give a simple and, a])Ove all, practical sum- 
mary of these points. The more difficult theoretical demonstrations will be reserved for special articles. 

The authors propose also to give a brief description of the chief aerodynamical laboratories and of experi- 
mental methods there employed. Without a knowledge of such methods, appreciation, and application of the 
la])oratory data available is certainly not easy. 

Considering the compai'atively recent growth of aerodjniamics, the amount of material now available is 
extraordinary. It is unfortunately scattered through a variety of publicatons; English, French, German, Rus- 
sian and Italian, presented in varying ways and in varying systems of units. Nor is all of it entirely worthy 
of credence. 

In this course it has been attempted to reduce this material, particularly that of English and French origin, 
to one system of presentation with forces measured in pounds, areas in square feet and velocities in miles per 
hour or feet per second, so as to be more readily applicable in American design ; to include all the material which 
is trustworthy and of immediate and pressing utility to the designer, in carefully classified form. 

The Economic Laws of Flight will be fully dealt with, in horizontal and ascensional flight. The consideration 
of the performance curves of a machine will be particularly useful to those engineers and students to whom the 
subject is comparatively new. 

Throughout, illustrative problems will be worked out on important points, especially to facilitate comparison 
between wing sections. 

PART II will include a discussion of available aeronautical materials, timber, steel, alloys, rubber, etc. — 
Avith trustworthy values for stresses; a variety of diagrams and scale drawings representative of modern design, 
and a classification of the most important modern machines, with their main data. 

At this stage of the art, it is impossible to say that any method in design is standard, but a systematic pro- 
cedure of design will be fully developed. 

Particular stress is laid on the evaluation of factoi's of safety. The djoiamic factor of safety, the material 
factor of safety, the worst loading possible in the air, the worst possible shock on landing ; nothing offers so many 
possibilities of confusion and untinist worthiness; and nothing is in more need of definite and accurate statement. 

Complete strength calculations will be presented for body, chassis, wing girdei's, and controlling surfaces, and 
tlie design of a standard machine will be carried through, with consideration of motor and propeller problems, 
weight distribution and balancing. 

Throughout the course, the most elementary mathematics are employed, and nothing beyond a knowledge of 
the first mechanical principles is presupposed. 

It is hoped, therefore, that the course will be easily understood by any engineer or student approaching the 
sericns study of the airplane for the first time. At the same time it is felt that much will be of service even to 
the expt rt aeronautical engineer. 
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Aerodynamical Theory and Data 



Chapter I 

Modern Aeronautical Laboratories 



Early Experimental Aeroclynaniic8 

Aeronautics as a wliole ami aviation, the seiem-e of tho 
heavii'r than air maoliino, has Ironi its earliest conception, 
heen an experimental art. When ProtVssor Langley in 1887 
starte<l his experiments on an extended scale for detenninin*? 
the possibility of, and the conditions for, transporting? in the 
air a body whose specific crravity is grreater than that of air. 



measurinir these forces were designed with the intention of 
correcting the errors which had rendered so untrustworthy tlie 
results of their predecessors. 

During the winter of 1901-1902 their investigations included 
some hundred different surfaces of which about half have 
been tabulated and the results used in their subsecjuent work. 
Experiments were made on the effect of varying aspect ratio, 
curvature, camber, and the variation of the position of the 
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he ha<l bel'ore him papers by such scientists as (Jay-Lussac and 
Xavier, i)roving conclusively that mechanical Ilight was im- 
possible. 

ljan«rlev was not easilv discouraged an<l bv a carefullv 
con<lucted series of experiments <*arried on under very ad- 
verse conditions, he was able to buihl a machine which though 
unsuccoslul in its Ilight in his dav, diu» to faultv mcndianism 
in the launching device, has since been tlown under its own 
power by (ilenn Curtiss in 1914, at ilammondsport, X. Y., — 
possibly with some alterations. 

At the time the Wrights took up the subject in 189(5, there 
were but few aerodynamical works of interest or value in ex- 
istence. They were <lependent upon the meager experiments 
and tables of Lilienthal and Duchemin and the work of Lang- 
ley which seemed to verify Duchemin's formula. After spend- 
ing two years experimenting upon these figures of Lilienthal 
and Duchemin, the Wrights came to the conclusion that the 
tables were so much in error as to be of no practical value in 
airplane design. 

In 1901 the Wrights designed and built a small " Wind- 
Tuunel ■' in which they could carry on systematic investiga- 
tions on the pressure produced by various surfaces when pre- 
senter! to the air at different angles. The instruments used in 



maximum ordinate of the wing section from the leading e<lge. 
Thick and thin surfaces were tested to determine the effect of 
thickness. The effect of superposing the surfaces, as well 
as placing one behind the other, were measured and what 
was of even greater interest, the first measurements of center 
of pr(*ssure motion on curved surfaces at carrying angles were 
tabulated bv them. As a direct result of their laboratory ex- 
periments and the development of a system of control, worked 
out in their earlier glitling flights, they were able to build the 
first power driven airplane. 

To demonstrate that the United States deserved a right to 
leadership in aviation in the earlier years, one need but men- 
tion other namest such as those of Octave Chanute and Dr. 
Zahm. The latter, through the efforts of Hugo Matthul- 
lath, was provided with an aerod>Tiamical laboratory which 
was in its day the most perfect of its kind; and although the 
experiments extended over a few years only, the results of Dr. 
Zahm's labors were exceedingly valuable. 

General Requireinents in Airplane Design 

As is the case in ship building, a suitable machine for every 
purpose cannot be developed and there must be a special type 
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with specific qualities in slow speed, high speed, weiglit, anDB- 
meiit anJ defense. Some of these factors are direetly opposed 
to others. For example, the idea! maehine for the regulation 
of artillery fire, would be able to remain immovable or circle 
about very slowly above one point. The " chaser " or machine 
used to rid the air of tlie enemy's planes should be the fastest 
possible. With the comparatively narrow range of speed pos- 
sible in an airplane one can see the uselessness of an attempt 
to combine these two types in one machine. On the other hand 
from the productive side, it is impracticable to inerease tlie 
number of types indefinitely, for this would call for an enor- 
mous outlay in machinerj- and increase in personnel. A mm- 
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promise has therefore been made, with the selection of s 



which r 



; be clHsge<l iiccord- 



A slow endurance machine for 
m/s country, for mapping and 



four master types of airplan 
ing to their military uses: 

1. The STKATiiGic Scout. 
use on long raida into the i 
photographic work. 

2. The High Speed Scout. For tactical reconnaissance 
and use over the lines, and capable of out-climbing and out- 
llying the enemy. 

3. Fighting or Battleplane. Armed and armored, for 
driving off the enemy's scouts and protecting tlie fourth class. 

4. Bomb Droppers or Weight Carriers, For use in de- 
stroying small bridges, railways, etc.. depending for their 
protection upon the bnttlepUme. 

In order to design and build machiiies to meet such quali- 
fications the designer must give up the old haphazard methods 
of building first, and tlien determining tlie pcrfonuance. He 
must go about the design in a thorough and scientific manner 
in order to hope to come within reasonable limits of his speci- 
Reation. 

The most important items in the performance of pi-esent-day 
macliines are: their weight, their rate of climb, high and low 
speeds, angle of glide, propeller etlUciency, and endurance nt 
economical speed for various loadings. These depend on a 
earefui manipulation of aerodynamical data, including the 
lift and resist.ince of the main planes and control surfaces, 
the resistance of struts, wires, wheels, radiators and ap- 
pendages, the distribution of loads "n surfaces, and different 
combinations of surfaces. On tbe effects of the various sup- 
porting, control and fin surfaces, and on the summation of all 
aerodynamical forces depend not only the performance, but 
the controllability, factor of safety, and stability of the air- 



plane. To produce a desired type the designer must bear in 
mind every factor. 

The desired type can be obtained by the " cut and try " 
process on the full size machine. This experimental flying 
is, however, a dangerous and costly method that has led to 
many an unfortunate accident. 

Difficulties of Full Scale Experiments 

The real worth of full scale experiments depends on the 
delicacy and precision of the recording instruments, the ex- 
pertness of the pilot and the interpreter of the recorded data. 
The chief olijeetions, other than that of danger to the pilot, are 
the gi'eat variations in atmospheric conditions and therefore 
the unavoidable delays in tests, the inability to repeat the trials 
niidcc exactly Che same conditions, the necessarily short time 
iillowabic for observation and the unavoidable introductions of 
many \'ariables, when but a slight change is made in one part 
lit the dc.-iign. It is this inability to discriminate among the 
ixissihle causes of behavior of the machine that may lead to a 
maze ot" conflicting results. 

'I'hei'e is a place, nevertheless, and a very important one for 
full sized experimental flying— that the machine may be tuned 
up and minor adjustments made for case of control and steadi- 
ness under actual flying conditions. Such work, however, 
should not be undertaken until the safety of the pilot is rea- 
sonably assured. 

Towing Methods 

The most natural and logical thing to do with model air- 
planes would be to tow them through still air and record the 
forces and moments to which they are subjected. This is not 
so simple an arrangement as in marine work. The airplane 
is free to move along the three axes in space and around any 
of the same, which introduces complications in the recording 
uK'chauisra that are most difficult to overcome. Very much 
higher speeds are required in aeronautical work and this in- 
creases the length of track for testing (>rohibitively or de- 
creases the time of experimental obsenation to such an extent 
as to spoil the precision of the results. 

The principal objection to towed model flight is the inability 
to obtain still air, as even in a closed room eddies are con- 
stantly present, which arc impossible of measurement; this 
may be observed by making apparently calm air visible by the 
introduction of smoke. Radiation of heat from the walls is 
apt to cause such eddy making to a very marked degree. 

In a measure the difficulties of rectilinear-motion are over- 
come by replacing it by rotation about a fixed axis; but here 
(lie radius must he relatively large and the building necessarily 
of similar great dimensions. The rotation is not wholly com- 
parable with translation since along the transverse axes of the 
body, under test, the different parts have not the same relative 
velocity and some compromise is necessary due to this difEer- 
ence in radial length. Centrifugal force is present which must 
be overcome by the measuring instrument, as well as the dis- 
turbance set up in the air by so large an object as the whirling- 
arm passing the same point a, number of times. 

The whirling-anu used by Messrs. Vickers, Ltd., of England. 
in their eitpertmental work is illustrated in Fig. 1. 

Wind Tunnel Methods 

If we are willing to accept the doctrine of relative motion, 
then the resultant force on a solid with a uniform motion 
throngh still air, is tbe same as that for an immovable solid 
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upon which a constant current of air impinges. A " Wind 
Tunnel" test, where a steady current of air impinges on a 
model at rest, ebould therefore give the same results as a tow- 
ing test. Differences would be due to experimental errors and 
not to a difference in principle. 

In the towing method, the influence of the mounting stage 
and unsteadiness of the air introduce errors. In the wind 
tunnel, there may be sUghtly non-uniform flow, disturbances 
due to the sides of the tunnel, etc. Wind tunnel work, how- 
ever, has proved far superior to the towing method, which it 
has almost entirely replaced and it has now been developed to 
a high degree of precision and usefulness. 

From wind funnel tests, the engineer may obtain data for 
the " balancing " up of an airplane — the adjustment of the 
center of ^rarity with reference to the air forces, the loading 
on his wing and control surfaces, the reaistance of the body and 
appendages, and other useful information. It will be scarcely 
disputed that sncb tests are of immediate commercial value to 
the practical designer. 

Laboratories of the Wind Timnel Type 

The Inslitut Aerotechniqtte de PUniversiU de Paris, under 
the directorship of M. Maurain and M, Toussaint, situated at 
St. Cyr, BMne ten miles out of Paris, is devoted, for the most 
part, to experiments on full size surfaces and aeroplanes. 
Covering some eighteen acres of land, a splendid opportunity 
is offered for ample buildings, as well as the seven-eighths of a 
mile railway track used for experimental work. 

The main building with a large cwtral hall is surroonded on 
three sides with work shops, laboratories and a power station. 
Within the hall is installed the experimental apparatus directly 
connected with aviation. Here there are several wind tunnels 
of different dimensions ami wind speed, arranged for the test- 
ing of scale models and appendages, apparatas similar to 
Colonel Renard'a for the investigation of stability and proper 
propeller testini^ apparatus, A motor testing plant for endur- 
ance and economy of aeronautical motors, instruments for 
measuring the propeller torque for various rotational speeds 
at a fixed point and the testing of propellers at rupturing 
speeds are also included. 

In the chemical laboratory investigations on balloon fabrics 
and gases are undertaken with special reference to their manu- 
facture and purification. The physical laboratories are de- 
voted to the production of instruments for aeronautical pur- 
poses, both esperimental and applied. Work shops are at one 
end and an individual power station supplies energy and light 
to the Institute and experimental departments. 

In a separate building, covering a quarter of an acre, is 
housed a " wliirling-arm " some 50 feet in radius, used prin- 
cipally for the calibration of instruments. It is, however, not 
as pojxilar as the track and wind tunnel experimental ap- 
(laratus. The out-door track proper is of standard gage, 
seven-eighths of a mile long, level for the part over which ex- 
jierimental data is recorded, but rising slightly for some 
distance at either end to facilitate the starting and stopping 
of the five-ton electric car, upon which the surface, full size 
airplane or propeller is mounted and carried. 

Four ears, each rigged for one type of experiment, are con- 
sidered necessary. Car number one measures the horizontal and 
vertical components of the resultant air force, as well as the 
center of pressure for various angles of incidence of the sur- 
face to the wind: two and three are for large and small pro- 
l>ellers in connection with dirigible and airplane work: nni1 
number four is especially equipped for the measurement of 



the resistance of appendages. Tlie carriages are equipped with 
appropriate measuring instruments of the recording type, 
readings being recorded simultaneously as the car moves over 
the track. The velocity of the air is recorded by means of a 
calibrated venturi tube anemometer. 

The testing apparatus is of such size that a full scale air- 
plane can be mounted and subjected to te&t for lift and 
resistance and static longitudinal stability. In order to accom- 
modate such lai^e forces as are encountered in full scale work, 
the instruments are of considerable size; this has the disad- 
vantage of destroying much of the delicacy of the measore- 
luent. The results obtained are said to be in error by about 
five per cent in lift and about ten or fifteen per cent in re- 




Fig. 3. Plan or Eiffel's Af.bodykamical Labokatobv 

siatance. The real value of experimental work of this nature 
and its comparison with results obtained from model tests is 
ss yet not fully determined. 

Eiffel in his laboratory at Auteuil, in an investigation to 
ascertain the aerodynamical effect produced by the car, sit- 
uated as it was directly beneath the surface under test, reports 
that when correction is made for the presence of the carriage, 
agreement with wind tunnel results is fairly obtained. He also 
notes that modification is being made at St. C}^' in the position 
of the surface as mounted on the car in order to reduce the 
interference as much as possible. A similar comparative test 
made at the National Physical Laboratory, England, on wind 
tunnel models shows good agreement with the lift coefficients, 
but the resistance coefficient in the full size experiment is atill 
unsatisfactory. 

The Laboraloire .yerodynaminne Eiffel, supported by the 
personal means of, and directed by G. Eiffel, is of the most 
elaborate in design. Devoted entirely to wind tunnel experi- 
ments, it is completely boused in a beautiful white stone build- 
ing, fronted by a formal garden. The building proper, two 
stories in height, is 100 by 40 feet. 

As may be seen by the accompanying photographs, the lab- 
oratory room is rectangular in shape, with a large and small 
wind tunnel side by side, occupying the central space and 
suspended mid-way from floor to ceiling. The position of the 
tunnels permits the free circulation of the air in the room. 
The wind tunnels are of similar character, one being of smaller 
working diameter than the other. They each consist of a bell- 
shaped collector, a large laterally air-tight experimental cham- 
ber, used for both the large and small tunnel, and independent 
expanding trunks leading from the experimental chamber to 
the individual suction blowers. The air is drawn from the 
lai^ surrounding room or hangar into the bell collector, 
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through a honey-comb baffle to straighten the flow, then aeroes 
the experimental i2hainher into the expanding trunk where U 
passes tlirough the suction blower and is discharged at low 
velocity, back into the room. 

M, Eiffel's eharaeteristic variant is his hennetie experi- 
mental chamber. When first interested in expcrimeatal aero- 
nautics, he experienced difficulty, due to interference of flow 
around his models caused by the walls of the closed tunnel. 
Id order to avoid a tunnel of excess size and still not reduce his 
model dimensions, the walls were removed for some distance 
and replaced by an air-tight chamber enclosing the stream of 
air. The pressure in the hermetic room is necessarily that of 
the air stream it contains, so that a cylinder of air traverses 



obstructions 10 meters, 33 feet, in length, 4 meters, 13,1 feet 
in width and 5 meters, 16.4 feet, in height. A rail supporting 
a sliding floor carries the observer and weighing mechaniaiii 
above and clear of the air stream. A second observer on the 
floor is required to regulate the wind and adjust the model 
during a test. The two tunnels are of course so arranged that 
the one not in use may be blocked off with air-tight wall plates 
so preser\'ing the low pressure in the experimental chamber. 
In order to avoid the possible physical discomfiture often ac- 
companying sudden clianges in pressure, an air-lock is pro- 
vided for passage into or out of the experimental chamber. 

The models are mounted upon especially designed standards 
or measuring instruments, sucli as a large and small aerody- 
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the chamber in parallel stream lines and without showing any 
appreciable eddy. If a Ane silk thread is held in the working 
stream, a slight play up and down or to the right and left may 
be noted, showing some variation is present. The velocity of 
the stream is measured by an alcohol manometer, registering 
the difference in pressure in the experimental chamber and the 
laboratory room outside. This is one method of velocity de- 
termination and will be explained in detail later. The 
manometer when left to itself shows a slow variation in 
velocity with time of some four per cent. 

The general dimensions of the installation at Auteuil are as 
foUows : The large channel has a beli collector with end diam- 
eters of 4 and 2 meters, 13.1 and C.6 feet, with a length of 3.3 
meters, 10.8 feet, and an expanding trunk 9 meters, 29.5 feel, 
long with end diameters equal to the collector. The expanding 
trunk connects with a suction blower, having a sectional area 
of 9 square meters, 97 square feet. The small tunnel com- 
prises a bell collector, ends 2 meters and 1 meter in diameter, 
1.65 meters in length and an e.vpanding trunk 6 meters long, 
connected to a Sirocco suction blower. 

The above dimensions permit in the larger, a uniform stream 
of air 2 meters, 6.6 feet, in diameter to be drawn through the 
experimental chamber at a speed varying between 2 and 32 
metei-s per second, or 6 and 105 feet per second ; this ia accom- 
plished by a 50 h.p. electric motor driving a 50 per cent 
efficient blower. In the small tunnel of 1 meter diameter 
air flow, a maximum velocity of 40 meters, 131 feet, per sec- 
ond, is obtained by a 50 b.p. electric motor driving the Sirocco 
blower. 

The experimental chamber is a rectangular room free from 
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namical balance — devices for measuring the lateral forces, 
pressure distribution and a very excellent apparatus for test- 
ing small propellers. AU the apparatus is mounted in the 
most convenient manner and may be used for either the large 
or small channel as desired. The accuracy of the results ob- 
tained, while possibly not sufficient for exact physical research, 
are ample, from the practical stand-point. 

The Deutsche Versuchsanatalt fur Luftfahrt nu Adlerahof, 
superintended by Prof. Dr. Bendemann, is of the same 
order as the experimental grounds at St, Cyr, but on a much 
less elaborate scale. The work is principally on full scale air- 
planes and block tests on aeronautic motors. One building is 
devoted to full scale testing, another to construction and re- 
pairs and five smaller ones to the housing of motor testing 
apparatus. The main building has a central tower some 100 
feet in height from which wind observations may be made and 
other atmospheric conditions recorded. Cables from the top 
of this tower arc used to support full size airplanes in the 
determination of their moments of inertia. A track outside 
of the building is used, as at St. Cyr, for the testing of full 
size airplanes or surfaces. In this instance a locomotive used 
to push the mounting stage is substituted for the St. Cyr elec- 
tric driven car, a rather doubtful adjunct. 

The Gottingen Aerodynamical Laboratory, under the super- 
vision of Professor Prandtl, has little of the ornate as com- 
pared to the Eiffel Institution, housed as it ia in a plain one 
story brick building, 30 by 40 feet in size. The building, as 
may be seen from the drawing, is about equally divided be- 
tween wind tunnel and office space. Glass doors in the dde 
next the observation room permit of access to the experimental 
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section of the tunnel, while trap doors open here and there 
to allow entrance into other sections for the adjustment of the 
honey-combs, baffles, etc. 

Unlike the Eiffel tonnel, the air follows a closed circuit 
necessitating the turning of four comers. The 2 meter diam- 
eter blower, driven by a 30 h,p. electric motor, forces 
a steady current of air through the 2 meter, 6.6 foot, square 
wooden tunnel. At a short distance down stream the air 
passes through the first honeycomb, 400 large square metal 
cells, similar to the pigeon holes used for post office boxes. 
These celb are so constructed with two-ply metal walls that 
the quantity of air passing through any one may be regulated 
hy partly bending out one thickness wall to obstruct the pas- 




passes through the second honeycomb, much finer than llu 
first. This lest honeycomb is constituted of about 9,000 cells 
from which the air, after passing a wire mesh to remove any 
foreign matter, issues with a maximum velocity of 10 meters or 
33.8 feet per second, to act upon the model suspended some 
distance down stream. 




Section .' ^^an 

Fig. 5. The Gottingen Aerodynaicical Laboratories 



sage. The cells, in many instances, have been so restricted to 
regulate the air flow that it might he as uniform as possible. 
Vanes, simil^ to those of a turbine, are utilized at the four 
comers to ^rn the oorrent through a 90 degree angle, without 
producing excess eddy-motion. After the second turn, just 
before the air enters the experimental part of the tunnel, it 



A great deal of the work in the Gottingen laboratory has 
been devoted to the resistance of airship hulls, etc., for which 
work a special suspension method of mooring wires, bell 
cranks and weights, has been adopted with great suecess. A 
diiferential pressure gage, sensitive to pressure changes of one- 
millionth of an atmosphere is used in the determination of 




Fig. 6. Elevation and Plan op the Wind Tunnel of the United States Navt Department 
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velocity. Many interesting experiments un tlie distribution of 
pressure have been conducted upon small propeUers, con- 
structed by electroplating witli copper, wax models. A more 
detailed description of tlie suspension device and differential 
s:a?e will follow. 

The M'ittd'tunnel of the United Stales Navy Department, 
under Naval Constructor HoJden C. Kichardson, is at the 
Washingtoii Navy Yard, Washington, D. C. The tunnel is 
similar to the German Grottingen Laboratory in that the air is 
i-onfined in a closed circuit, in this case eight feet square at the 
test section. The cross sectional dimensions vary as may be seen 
in the accompanying print, in order to compensate for the 
curves taken by the stream. Only one set of honeycomb 
baffles is employed, these being placed just at the entrance of 
the experimental chamber and 20 feet up stream. These 64 cells, 




Fio. 7. Exterior of the Wind TuNNti. at the Massa- 
chusetts Institutf, of Technology, Showing Cells 
Through Which Air Is Sucked in from the Room 

each one foot square and eight feet long, are equipped with 
individual adjustable dampers used as a control upon the 
quantity of air passing and so producing uniform flow to 
within about 2 per cent. The balance and motor control are 
mounted on a platform upon tlie roof of the tunnel. The 
model is supported in a horizontal position in the wind oji a 
balance similar to that of Eiffel's and sensitive to at least 
2/lOOOth of a pound. Models up to 36-inch span are per- 
mitted without noticeable interference from the walls or chok- 
ing of the air flow. 

The velocity measurements are unique in that in place of a 
single pitot and pressure tube, placed in the vicinity of the 
model, a series of twelve tubes equally spaced, directly on the 
discharge side of the lilmver record on an integrating 
manometer the velocity of the stream. The velocity of the 
stream from the blower lias a direct relation to the velocity of 
the wind in the experimental chamber, against which it has 
been calibrated for all speeds. The pitot tubes used have been 
themselves checked with the standard tubes of the National 
Physical Laboratory- of England and the Aerodynamical Ijib- 
oratory of the Massachusetts Institute of Technology. 

Power for driving the suction blower is supplied by a 500 
h.p. 250 volt direct current electric motor, operated on 



the Ward-Leonard system. A velocity of 75 miles an hour 
may be obtainable, but due to the heating of the air by friction 
and other difficulties in maintaining regular flow this high 
speed is seldom utilized. Generally tests are made at a speed 
of about 40 miles an hour. 




(A) Propeller ano (B) Akhouvk 
AT THE Massachusetts Institute i 
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The National Physical Laboratory at Teddington and the 
lioyal Aircraft factory at Farnborottgh, England, constitute 
the most complete aeronautical experimental combination in 
the world. The aeronautical portion of the National Physical 
Laboratory is devoted to espcrimental investigations of the 
British Advisory Committee for Aeronautics. This committee, 
with Dr. R. T. Glazcbrook as chairman, and such able co- 






■: Showimc] Honkvcomb 



the 



irkers as Dr. .Stanton and 
L-estigations at the N. P, L. a 



Hairstow, initiates 
ices the general work 



in aeronautics throughout the Kingdoi 

The Royal Aircraft Factory, superintended by Mervyn 
O'Gorman, works in close co-operation with the N. P, L, It 
has facilities for model experiments, but is more concerned 
with tests on full size nirpbinea and ibe applieaiion of the 
in vest ign I ions of the National Pliysicnl Laboratory. There is 
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neeessarilj' some oterlappiiig in tlic work tariiei] uii at the two 
institutions, but no interference. 

Tlie Koyal Aircraft Factory before tlie war. was tlie largest 
factory then in cxislence lievoted to llie niKnut'acture of 
airpla:ies. Ail the ex))(<rimentB iire I'nvrleil cm in ihe large 
Hying lieltl iu connection with the factory. Alachines equipped 
with intricate recording instruments are Down under tlieir own 
power and such important Information as: power utilized. 
angles of pitch, roll and yaw, speed through the air, altitude 
and control movements are simultaneously recorded. This, in 
a true sense, is full scale experimental work and the results 
have been to disclose defects and encourage the improvement 
and safety of the machines. By the careful application of the 
model experimental work of the X. P. L. an inherently stable 
biplane with a speed range of 40 to 80 miles an hour had been 
produced by the R. A. F. before the war. Improved machines 



of this type have been of the greatest 
ing Corps. 

The National Physical Laboratory has ■ 
;pace for the exclusive use of the Aeronaut 
prising a large and small wind tunnel hout^ 
house and ample apace for any 
The small and large wind tunnels 



i> the Koyal Fly- 

rned over ample 
Committee, com- 
. a whirling table 
[dependent investigations. 
; of similar character, one 
4 and the other 7 feet square in cross -sect ion. Each is mounted 
in a separate building, the smaller being included in the ensii- 
neering laboratory building. For details of the small tunnel, 
reference is made to the description of its duplicate in the 
Massachusetts Institute of Technology Laboratory. The new 
7 foot tunnel only differs from the 4 foot in its dimensions and 
power. It is 80 feet in length with an air flow of 60 feet a 
second produced by a low pitched four bladed propeller driven 
by a 30 horse power electric motor. 

A great amount of time was spent in experimenting with 
this form of tunnel before the committee was satisfied with 
the results. They have the deep satisfaction of knowing that 
the artificial wind produced by it, is the most uniform in the 
world and adaptable to the most scientific research. The cur- 
rent is uniform in velocity, both in time and space, to within 
one-half of one per cent. The velocity measurements and aero- 
dynamical balance will be described in detail later. It sul1i<'es 
here to say that they are aa carefully worked out and results 
obtained as gratifying as the wind tunnel itself. The work of 
the committee has been extremely broad and the results are of 
untold value to aeronautics. The whirling-arm and small 
water channel, the former used in the caUbration of velocity 
instramentB, the latter in the study of stream line Row, are 
both examples of high engineering skill. 

The- Wind-tunnel of the Maasachuaetls Institute of Tech- 
nology was built after a careful study of European Labora- 
tories, on plans furnished through the courtesy of the National 
Physical Laborator\'. Maintained in connection with the 
graduate course in aeronautics at Ihe Institute, with the helpful 
eooperation of Profes.«or Peabody of the Xnval Architectural 
Department, and under the former directorship of Lieutenant 
J. C. Hunsaker, U. S. N., the work has been of the most com- 
mendable character. 

The tunnel is housed in a temporary' building on the new 
Technology site in Cambridge, with offices in the main Insti- 
tute building. Enclosed in a 20x25x06 foot shed, the tunnel 
i; suspended in the center of the room, 6 feet from the floor, 
so that ample space is provided for the free circulation of air. 
The illustrations indicate the general form of the tunnel which 
has an overall length of about 56 feet and a working section 4 
feet square. The air which is drawn from the room around the 
cowled entrance end passes through a honeycomb formed from 
3-inch metal conduit pipes 2 feet 6 inches in length into the 



evperimenlal idiamber. This honeycomb helps to straighten 
out the How mid prevent eddies in the wind. 

The experimental chamber reaches from this honeycomb to 
the expanding trunk, but only the section midway between 
the.se points is utilized. The air after passing the model goes 
through a series of diagonal vanes and enters the expanding 
trunk. Here the velocity decreases with an increase of static 
pressure. The expansion in 11 feet of length is to a cylinder 
of 7 feet diameter. This cone expansion, in the English tunnel 
is only 6 feel on the 11 foot length. By expansion the pres- 
sure difference maintained by the four-bladed propeller is rc- 




Fio. 10. Interior of Diffuser Looking from Fropellee 

duced and some turbulence in the wake avoided. The dia- 
cliarge from the propeller is received by a large perforated 
diHaser with the end opposite the propeller a blank wall. The 
function of this diffuser is to distribute the air into the room 
at a uniform rate and at a very low velocity. This ia indeed 
accomplished for the area of the perforation in the difCoser is 
several times that of the tunnel and when a velocity of 30 
miles an hour is maintained in the tunnel, the dischai^e from 
the diffuser is hardly noticeable. 

A four hladed black walnut propeller of low pitch, revolv- 
ing 000 r.p.m. will produce a wind of 25 miles per hour. The 
propeller is driven by a 10 h.j). electric motor through 
a " silent " chain. The motor is mounted on a separate con- 
crete foundation, as are likewise the aerodynamic balance and 
the tunnel proper, to avoid any variation in alignment caused 
by vibration. The sectional area of the tunnel peimits of 
models of 18 inch span and as an extreme 24 inch span, to be 
tested at speeds from 6 to 40 miles per hour. 

The control of the wind is by sentitive rbeostata in the 
motor field and wind speeds may be kept constant as in the 
English tunnel to within one-half of one per cent. Measure- 
ment of velocity is by means of a calibrated " side plate " in 



22 



AERODYNAMICAL THEORY AND DATA 



the wall of the tunnel, recording on an alcohol manometer the 
difference of the pressure in the room and in the experimental 
part of the tunnel. These manometer readings were calibrated 
against a standard N. P. L. pitot tube to ascertain the true 
velocity. 

The aerodjmamical balance was constructed by the Cam- 
bridge Scientific Instrument Company, England, and is a 
counter-part of the English installation. Most model adjust- 
ments are possible from the outside without stopping the wind, 
thus greatly facilitating the experimental work. The balance 
is arranged so that complete data for the calculation of the 
stability coefficients for airplanes is obtainable. 

While the laboratory is primarily for research work, investi- 
gations are conducted for private individuals or manufacturers 
at nominal charges. 

It is interesting to note that the Curtiss Company has re- 
cently erected at Buffalo, under the direction of Dr. A. F. 
Zahm a wind tunnel similar in construction to that of the 
N. P. L. and the Massachusetts Institute of Technology. 
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Chapter II 

Elements of Aerodynamical Theory 



Liquid, Fluid, and Perfect Fluid 

Both liquids and fluids may he defined as suhstances which 
flow or are capable of flowing. A liquid is incompressible and 
therefore of constant density, a fluid is compressible and of 
varying density. Thus water is conunonly spoken of as a 
liquid) air as a fluid, yet the hard and fast distinction is un- 
fair, since water itself is slightly compressible. 

In the transportation speeds employed in aeronautics, the 
variations in pressure of the air, and the consequent varia- 
tions in density are so slight, that the air may also be regarded 
as incompressible. Thus for a dirigible at a speed of 100 
miles per hour the increase in pressure at the nose is only 
about one per cent. It is only at the tips of fast moving 
propeller blades that the compressibility of air assumes any 
importance. 

The motion of fluids is so complex that no complete mathe- 
matical theory has yet been evolved for it. In hydrodjuamics 
the mathematicians have stipulated a perfect fluid possessing 
no viscosity. In such a fluid all bodies may move without 
encountering resistance. Although the conception of a perfect 
fluid may seem of no practical importance, yet hydrodynamical 
theory serves as a guide in the theory of aeronautics and we 
shall have to make occasional reference to this idea. 

Density of Air 

In setting forth data from the laboratories the air will be 
assumed as having a temperature of 15° C. and a density of 
.07608 lbs. per cubic foot at sea level. 

Variation of Density of Air with Height 



Height (ft,) 



500 

1,000 

2,000 

5,000 

10,000 

20,000 



Density {Ihs, per cu, ft.) 
.0761 
.0748 
.0734 
.0707 
.0632 
.0523 
.0357 



Principle of Relative Motion 

We shall assume throughout without further reference that 
the same resistances will be brought into action whether a body 
is moving through a fluid or a fluid is streaming past a body, 
provided the relative motion is the same. 

This is an idea which often presents difficulties and is very 
difficult of theoretical demonstration, yet it is merely a matter 
of common sense. In La Technique Aeranautique of May 
15th, 1913, M. Lecomu has given a very sound discussion of 
this point. We will venture a rough illustration. Imagine a 



boat propelled through a river at rest at a speed of 5 miles per 
hour. The oars will exert a certain force of propulsion. Now 
if the river has a contrary current of 5 miles an hour, the boat 
will remain at rest relative to the banks, yet exactly the same 
force will be exercised by the oarsman. There is reaUy nothing 
more to be grasped underlying the principle of relative motion. 

Bernouilli^s Theorem for Fluid Motion 

In the steady flow of a fluid the current at any point is 
always in the same direction and magnitude and may be rep- 
resented by a series of stream lines, or by tubes of flow. 

The energy of a fluid consists of three parts: (1) The po- 
tential energy, or the energy due to its position of height 
through which it may fall, (2) The pressure energy, (3) The 
kinetic energy due to its motion, neglecting the effects of vis- 
cosity or friction. Bemouilli's theorem states that along any 
stream line, the sum of these energies is a constant, and if 



9 = 
h = 

P = 

r = 

& = 



acceleration due to gravity 

height 

pressure 

velocity 

density* 



p F' 
hA- --\- ^ = constant 

In considering air flow in aeronautics where we deal with 
a fluid ocean of inunense depth, the variations in height are 
negligible, and the theorem becomes: — 

P . ^ 

h ■ = constant 

9 2g 

The theorem is of fundamental importance in aeronautics; 
its proof will be found in any text-book on hydrostatics. 

This equation may also be written in the following useful 
form, by multiplying both sides of the equation by 9: 

p-\- — = constant 
2g 

Total Energy of a Fluid Applied to the Theory 

of the Pitot Tube 

The Pitot tube, so frequently employed in aeronautics to 
measure the speed of a machine in actual flight, furnishes an 
excellent illustration of the principles just set forth. In Fig. 
1 is given a diagram of such a tube. 

Its main function is to measure the velocity of flow for m 



* (p) is used for Density to prevent confusion with D for Drag 
and to conform with standard usage. 
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steady irrotational flow of air, and it is unsuitable for meas- 
uring the velocity of turbulent flow, such as that occurring in 
the vicinity of a fan to give an example. 

In practice the Pilot tube is finely rounded so as to give 
the least possible disturbance to the air flow. It consists of 
two concentric tubes. The inner one is open to the wind, the 
outer tube is closed to the wind and is only connected to the 
surrounding air by a series of fine holes. The tubes are con- 
nected to the two arms of a pressure gauge as shown in the 
figure, and the gauge measures the difference in pressure 
between them. 

The inner tube, open to the wind, brings the air impinging 
on it to rest, and the pressure in it is therefore a measure of 
both the static pressure m the stream and of the kinetic energy 
head of the stream. If p is the static pressure of the stream, 
V the velocity, the total pressure will be given by 

The outer tube, on tlie other hand, being closed to the wind, 
will, if the holes are small enough to prevent velocity having 



Defmition of Angle of Incidence, Resultant Pressure, 
Lift, Drag and Center of Pressure in a Plane or 

Cambered Wing Section 

Whether for a plane or a curved wing section, the angle 
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Fig. 2. Lift, Drag, Angle of Incidence, and Chord for 

Flat Plate. 

of incidence is defined as the angle % expressed in degrees, be- 
tween the relative wind and a line in the supporting surface, 
termed the chord. In the case of the flat plate, this line coin- 
cides with the face of the plate and is physically justifiable 
since when the face of the plate coincides with the relative 
wind, there is no sustaining force or lift on the plate. 
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Fig. 1. PiTOT Tube. 

any effect on its pressure, read the static pressure of the air 
flow. 

Hence the difference in pressures read on gauge will be 

2g 
and will therefore be a measure of the velocity. 

We shall discuss the methods employed in connection with 
the Pitot gauge more fully when dealing with laboratory- 
methods, but may state now the results of recent experiments 
as summarized by Dr. J. C. Hunsaker: — 

1. The precision is one-tenth of one per cent. 

2. The open tube correctly transmits the total pressure 
regardless of size or shape. 

3. The nose of the combination tube must be of easy form. 

4. The static openings should be clean holes from 0.01 to 
0.04 inches diameter. 

5. Static openings should be well back from the nose of 
the instrument on a polished cylindrical portion of the tube. 

6. Static openings may be from 4 to 24 in number ar- 
ranged in an arbitrary manner. 

7. The tube should be pointed into the wind, but an error 
of two degrees in alignment will cause less than 1 per cent 
error on velocity measurements. 



Fig. :I Lift, Drag, Line of Chord, Angle of Incidence 

FOR Double Cambered Section. 

In the case of cambered surfaces, the posi- 
tion of the chord has been fixed by conven- 
tional usage, and is best illustrated by the 
diagrams in Figs. 2, 3 and 4. With cam- 
bered surfaces, when the conventional chord 
coincides with the relative wind there is lift 
as a rule, although the position of no lift 
may be only a degree or so removed. 

Owing to the relative motion of the air, 
the wing experiences a resultant pressure 
wliich we will designate as iJ. This resultant is very nearly 
normal to the face of a flat plate, but it is quite wrong to 
state that it is exactly at right angles to this face. The re- 
sultant force B, may be generally resolved into two com- 
ponents; one at right angles to the relative wind, which is 
termed Resistance or Drag (Z>). Drag will be used instead 
of the term drift, which unfortunately is capable of misinter- 
pretation. The component at right angles to the relative 
wind, L, may act upwards, giving Positive Lift, or downwards 
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Fig. 4. Lift, Drag, Angle of Incidence and Chord for 

Cambered Surface. 

giving Negative Lift, depending on the position of the sur- 
face relative to the wind. 

The lift measures the sustaining power, the drag the re- 
sistance to forward motion. The tangent of the angle between 
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the R and D gives the ratio L/D, lift over drag. The greater 
t)ie value of L/D the greater is the path efficiency of the sup- 
porting surface. 

Tbe center of pressure will be arbitrarily defined as the 
lioint of application of the resultant force R on the plane of 
ilie wing chord. This is by no means a rigid detinilimi. 

Definition of Lift and Drag Coefficients 

We shall employ throughout the following notation : 
Lift = L =K,AV: Resistance or Drag = JJ = K.AV. 
Where L and D are in pounds, A := area in square feet of 
one surface projected on the line of chord, and V = velocity 
HI feet per second, £, and K, will represent forces for unit 
areas and unit velocity. We shall see later the justificalion 
for these expressions. 



Position of Center of Pressure t 
Vector of Forces 



Resultant 



It has become customaiy in Aerodynamics to speak of 
Centers of Pressure, and it is very often convenient to em- 
ploy this term. But it would be much better to speak of tbe 
position of the resultant vector of forces, a vector being a 
line representing a force in magnitude and direction. For a 
tiat plate or a cambered wing section, the term center of 
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sensible magnitude but possessing mass, and nol intercon- 
nected in any way. A plate of area A, moving with a velocity 
r in a medium of density p would meet a quantity of fluid 
f4r and impart to this quantity a velucity I' per unit of 

From the fundamental equation in mechanics: 

(mass acted upon) X (velocity imparted) 

•'°'" = VmT 

we should <lerive the equation : 

9 9 

Similar reasoning from Ihe Principle of Relative Motion 
would apply were the plate held at rest, and the fluid im- 




FiG. 0. Motion Near a Flat Platb Nobhai. to thb Wihd 



pinging on it. Tbe force as derived from actual experiment 
is considerably less than this. 

But Newton's theorem is obviously incorrect, no account be- 
ing taken of the action at the back of tbe plate, or of the com- 
plicated interaction between the particles, or of the formation 
of eddies and whirls. The photograph in Fig. 6 gives an idea 



Fio. 5. Illustrating Position op Vector of Resultant 
Forces. 

pressure might answer fairly well, but for a combination of 
wing surfaces, as in a biplane, or for any kind of airplane, 
it is veiy unsatisfactory. Thus as in P4g. 5 for certain angles 
the resultant force passes right outside the wing surface, and 
to speak of a center of pressure in such a case is meaningless. 
It is also often stated that the stability of a wing depends 
on the motion of the center of pressure with reference to 
tbe center of gravity. The moment about the center of grav- 
ity can be more correctly stated as depending on the position 
and direction of the resultant vector of forces. If current 
practice leads us to speak of center of pressure, the reader 
will always bear these considerations in mind. 

Forces on a Flat Plate Immersed in a Fluid and Normal 
to tbe Direction of Motion 

Newton was the lirst to consider tlie case of a Hat plate placed 
normal to ils direction of motion. He stipulated a medium 
composed of an infinite number of small particles, having no 




Fig. 7 Fio. 8 

Di.tGitAMS Illustrating Fluid Motion and Pressure Dis- 
tribution OS Plates Normal to the Stream 

of the complicated actions which take place. These are repre- 
senled diagrammatically in Figs. 7 and 8. 

From a consideration of Bemouilli's Theorem it will be 
seen that the pressure in front of the plate will become greater 
than the statical pressure of the stream. At tbe back of the 
plate, owing to the considerable velocity of the eddies or 
whirls, we can say again from a consideration of Bernouilli's 
equations — that the pressure will be less than the statical 
pressure. It is to the difference in pressures front and back 
of the plate that the resistance is due. Fig. 8 represents 
roughly the distribution of pressure on either side of the 
plate. 
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Newton was coii'ect, liowever, in so far as the reBultaut force 
of a plate normal to the wind is proportional to the velocity 
squared, the area, and the density; and if S denotes the re 
sultant force we can write: 

R=KAV^ 
where £ is an experimental coefGcient 

We shall show later that a similar law holds for all cases 
of bodies producing turbulent flow, and discuss fully the re 
E to such flow. 



Forces on Flat Plates Inclined to the Wind 

Figs 9 and 10 represent diagrammatieally the fluid section 
in the case of an inclined plate, and the distribution of pres 
sure, which are further illustrated by the photograph (after 
Riabouchinsky) in I^g. 11. 

Jost as in the ease of tlie plate normal to the wmd, the re 
sultant force will be determined by the difference in pressures 



reached After this, the resultant force slowly diminishes to 
th« value in normal presentation 

At small angles the center of pressure is near the mid posi 
tion, and gradually mo^es forward as the angle o( incidence 
increases That the center of pressure should be forward of 
the mid position is fairly obMous from the above mentioned 
photograph It is in the forward region of the plate that 
the air eiperientea the most abrupt changes of direction, 
with consequentlv the greatest variation of pressures This 
can be seen aho from the diagram of distribution of pres 

Numerous efforts haie been made to deduce expressions 
for lift and drag and for the motion of the center of pres- 
sure from theoretical considerations But the only trustworthy 
values are Diose directly taken from expenmentat data ob- 
tained bv Eiffel and others which will be dealt with later 

It may be stated here, to remove a somewhat t 




Fio. 9. Fio 10 

Diagrams Illustrating Fluid Motion and Pressure 
Distribution on Inclined Plane 



Fig 11 MoTiov Near a Flat Platb Inclined to the 
Wind 



at the front and back of Ihe plate, and lift and drag will vary 
as AV, as in the case of all bodies producing turbulent flow, 
with a different coefficient for each an^le of incidence. 

The minimum resultant force of a plate occurs when it is in 
the line of the wind. As the angle of incidence increases so 
does the pressure, until a critical angle of some 40 degrees is 



conception, that tlie resultant pressure on a flat plate is not 
perpendicular to the plate except for a certain limited range 
of angles of incidence. At zero degree of incidence the re- 
sultant pressure is 90 degrees behind the normal, rapidly 
approaches the normal at small angles, and shoots past it 
at 10 degrees. 



Chapter III 

Elements of Aerodynamical Theory — Continued 



Skin Friction 

Skin friction may be defined as the total resistance of a 
thin plate moving edgewise through a fluid, and is due to 
two components: 

(1) Viscosity resistance 

(2) Density resistance 
which we shall consider in turn. 

In some respects skin friction is a misleading term. We 
shall see shortly that the skin of a body has nothing to do 
with the resistance, a moving body being covered with a layer 
of fluid at rest Its usage, however, has been sanctioned by 
time. 

Viscosity 

Real floids like air and water offer a** resistance to shear, 
which is a measure of their viscosity. 
Let us imagine two horizontal planes, one of which, AB, 
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Fig. 12. Viscosity Action for Thin Surfaces. 

is at rest, as in Fig. 12, while the other, CD, is dragged past 
with a velocity V, with the viscous substance intervening, the 
distance between the two plates being c. 

Particles of the substance nearest to CD A\ill adhere to it. 
other particles will be carried along to the line yyyyy a con- 
stantly decreasing amount xy. If F is the horizontal force 
per unit area required to drag CD, it is obvious that it will 
be proportional to some constant dependent on the nature of 
the substance and on the velocity gradient. 

We may then write 

T' 
F = jiL ■ — where ji is some constant.! 

If V and c are unity 

F = ji and ji becomes the coefficient of viscosity. 

The simplest case of viscous drag is that of a thin plate 
moving edgewise through a fluid. Length is I and breadth h. 
There will be a thin boundary of fluid of thickness a which 
connects the particles adhering to the body with the particles 
at rest in the fluid. This layer will continually lose and gain 
fluid as it is rubbed off. In unit time a mass of fluid propor- 
tional to the cross section of the layer, (ha), and to the veloc- 
ity, will be captured and have its velocity partly destroyed. 



The inertia force required for this change of momentum will 

therefore be proportional to 

(p ab V) F or p a6 F* 

The viscous drag must be equal to this inertia force; and is 

V 
itself proportional to ji {hi) X — t)y the definition given 

above. And if 



|i {bl) p ah F*, then, a - x -^. 

a X pF 

The viscous drag therefore is proportional to \l {hi) V 

ortofi'br'p' F'** 



I9V 



Coefficients of Kinematic Viscosity 

To represent the relative importance of density and viscosity 
a coefficient 

p 

is employed, known as the coefficient of kinematic viscosity. 
Substituting from this equation in the expression for viscous 
drag we obtain 

F- v^6r*pF^^ 
which may be expressed in the more practical form 

i?v = dv"'4.""F*" 
where R^ = viscous drag 
d = constant 
An = area in shear 
^," is equivalent to hl'^ dimensionally. 

Reynold's Number 

It is interesting to note that the thickness of the boundary 
layer 



The expression 






t M is Greek letter mu. 



will be of use in comparing resistances for similar bodies in 
the same fluid. 

It is known as Reynold's number and expresses mathe- 
matically a relationship between velocity linear dimensions 
and viscosity. We shall have frequent occasion to refer to it 
in comparing resistances of stream line bodies, rods, wires 
and so forth. 

• 

PrandtPs Theory of the Boundary Layer 

The theory of the thin boundary layer is due to Dr. 
Prandtl of Gottingen, his hypothesis being that the velocity 
gradient is at first very steep but flattens out quickly, until 
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in the free stream the velocity gradient between stream lines 
is negli^bly small. Elaborate experiments by Dr. Prandtl 
bear out thin theory, and demonstrate that the viscous drag 
does indeed vary as V"\ 

Dr. Zahm's experiments on skin friction on the other hand 
have shown that for even surfaces, bodies covered with such 
widely varying substances as dry varnish, wet varnish, water, 
sheet, zjnc, etc., all experience the same frictional resistances. 
It seems therefore reasonably safe to assume that viscous 
drag is due to internal fluid friction and not to the shding 
of the fluid along the surface of the solid. 

Density Resistance to a Plate Moving Edgewise 

For exceedingly small velocities, il has been found that re- 
sistance varies as r' indicating iiiirely a drag due to shear 
(Stokea). For small velocities experiments by Allen have 
shown a resistance varying as V' indicating the comiition 
of viscous drag which we have developed in the preceding 
paragraphs. But for the velocities with which we are con- 
cerned the resistance of a thin plane surface moving edgewise 
increases as some higher power of V. This is probably — 
although it is impossible to state the exact cause — due to the 
fact that the viscous drag not only imparts trauslational 
velocity to the particles which adhere to it in the boundary 
layer but the boundary layer acting as a species of gearing 
also gives some eddying or roiling velocity to particles adjacent 
to this boundary layer. It is a commencement of turbulent. 
eddyii^ motion. As such this extra resistance is proportional 
to some area A of the body, and to the velocity V, squared, 
and is termed density resistance and 

11, = KAY' 
where K is a constant for the fluid. 

Total Skin Friction. Dr. Zahm's Experiments 

Total skin friction = R,==R, + Rt 

= viscosity resistance + density resistance 
Strictly speaking if if, ~ r'''andflj -^ I" no one expression 
with V raised to a power n can satisfy this expression. But 



Amongst other applications. Dr. Zahm's formula may be 
used to compute the resistance of flat rudders, elevators, and 

stabilizers when neutral to the wind. In Fig. 13 curves for 
the resistance of plates of various area at varying speeds 
have been plotted, to facilitate sucb computations. 

Dr. Zahm's skin friction esperimerls are described in But- 
letin, Vol. siv, pages 247-276, of the Philosophical Sodety 
of Washington. June, 1904. The plane was suspended in the 
wind tunnel as shown in sketch in Fig. 14, with wind 
shields at either end so as to give purely tangential forces. 
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Fra. 13. Skin Friction Chart 

for practical purposes the results of Dr. Zahm's valuable ex- 
perimente have been accepted, hb formula being: 

B = 0.000007781" F' " b 
where R = resistance for one side of board 

I = length in direction of wind in feet 

b = width in feet 

I" = velocity in feet per second. 
.In the British Technical Report of the Advisory Committee 
for Aeronautics, 1911-1912, p. 34. an alternative form of 
equation has been submitted, so as to make the equation con- 
sistent with the principles of dynamic -liuiilority: 

if = 0.0000082-4. "I" -' 
where J. = area of one side of the board in s(|uare feet. 
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Fig. 14. Arr.*ngement of Thin Plate in Wind Titknbl m 
Dr. Zahm's Esperiuents. 

As the wind friction moved the plane edgewise the displace- 
ment was determined by the motion of a sharp pointer at- 
tached to one suspension wire and traveling over a fine scale 
lying on the top of the tunnel, and hence the forces were de- 
duced. A variety of shapes and snrfacea were tried. 

Curves for Compntations with Dr. Zahm's Formal* 

TABLE 1.— SKIN FRICTION RESISTANCE 
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In Fig. 13, the skin friction resistance in lbs. per square foot 
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is plotted against the speed in miles per hour. Since the re- 
sistance increases less rapidly than the area, separate curves 
have been drawn for several different areas, and the force 
per unit area on any other surface can be found by interpola- 
tion. The curves were plotted by modifying Zahm's formula: 

Rt = 0.0000082 .1 •" r •'• 

where I' is in feet per second. To throw this into mile hour 
units it was necessary to multiply by (ff)^'*, or 2.04, giving 

i2, = 0.0000167 ^T" 

In Tables 1 and 2 similar data has been given for speeds ir 
feet per second and miles per hour. 

Turbulent Flow, Eddy or Density Resistance 

We have already seen in the case of a flat plate normal to 
the wind that the resistance was due to a region of turbulent, 
eddyjing, low pressure behind the plate. This resistance varies 



as 



.-11 



where .1 = area in normal presentation 
^ = density 
V = velocitv. 

It will b^ assumed for the time being that wherever there is 
a region of turbulent, eddying flow, there will be a density 
resistance 

A fairly complete demonstration of this has been given 
by a French author. 

Comparison of Forces Acting Upon Similar Bodies. The 
Importance of Kinematic Viscosity and the 

Reynold's Number 

For the comparison of forces acting on similar bodies, a 
knowledge of the geometric proportions and of the wind veloc- 
ities is insufficient. The density of the fluid, the viscosity and 
hence tlie coefficient of kinematic viscosity, and the compressi- 
bility of the fluid all enter into the complete comparisons. 

Compressibility, we have seen, may fortunately be neglected 
in all aerodynamical work. 

For bodies in which the resistance is purely of a density 
or eddy making nature — as in the case of a flat plate normal 
or inclined to the wind, and as we shall see subsequently in 
the case of a wing section at large angles — viscosity does not 
enter into consideration, or is of so small importance that it 
may be neglected. In such cases 

where A is tlie area of one face of the plate, comparison be- 
tween two bodies such as a full sized wing and its model be- 
come extremely simple. 

But for stream line bodies such as struts, cables, wires, and 
cylinders the resistance is compounded of density resistance 
and viscosity resistance in varjnng proportions. 

Viscosity resistance depends, as we have seen, on velocity, 
linear dimensions and tlie coefficient of kinematic viscosity. 
For such bodies therefore the resistance must be expressed in 
a form involving these variables, and by the principle of 
dvnamic similaritv it can be demonstrated that 



B -=zV r-/ 



CO 



where / is some unknown function and /* is of the same di- 
mensions as .1. The o /" V' biinirs out the densitv resistance. 

- Jthe viscosity resistance; since— = the Reynold's num- 



Q 



The reader will now appreciate the importance of the Rey- 
nold's number in comparing the resultant forces on the above 
mentioned bodies. 

It is quite incorrect to compare such bodies, making allow- 
ance for variation in /* and V' only unless the Reynol Fs num- 
ber is the same for the two bodies under comparison. 

In practice it is very rare that comparisons of forces 
are made with reference to two different fluids. We are al- 
most solely concerned with bodies in air. The coefficient of 
viscosity becomes a constant, and instead of considering the 
Reynold's number, we can drop the v and compare bodies 
having the same product W, 

Stream Line Bodies 

A stream line body may be defined as one which has a 
gradual change of curvature along any section, and which 
when moved through air or water at ordinary speeds makes 
little disturbance or turbulent wake. Such a body moving 
in a viscid fluid would experience mostly frictional resistance. 

Energy Considerations for a Perfect Fluid Flowing 

Past a Stream Line Body 

It is most useful to have a definite idea of the exchange of 
energ\' which occurs in such a case. Tiie first treatment ap- 
pears to haVe been given by W. Fronde. ^ 

Imagine the fluid in the vicinity of the body to be divided 
up into a large number of imaginary tubes of flow. Well 
ahead of the body where the stream is as yet undisturbed the 
energy of the fluid will be that due to the static pressure po of 
the stream and the kinetic energy iiead of To, the undisturbed 
velocity. In a perfect fluid this will remain a constant along 
any tube of flow by Bernouilli's theorem, and is equal to 

Po IV ^ p I'" 
P'or the portion L. as shown in Fig. 15, of the body, the tubes 




her r, we can write 



2? = crr7(r) 



Fig. 15. Lines of Flow for a Sti^kam Link Uodv. 

of flow widen out, the velocity and the kinetic energy head 
diminish and the pressure on tlie body becomes greater than 
the static pressure po- The nose of the body therefore does 
work upon the fluid in contact with it. This is also evident 
by considering the effect of curvature and the centrifugal force 
resulting from it. For tlie portion M the tubes crowd together, 
the velocitv increases and the bodv is under the action of a 
pressure less than p^ — it is really under suction and the fluid 
does work on the body. By similar reasoning it can be shown 
that the portion N the body works upon the fluid, and for 
the portion P, the fluid works upon the body. The balance of 
work done on the body is thus found to be zero. 

Stream Line Bodies in a Viscous Fluid 

At slow speeds in water almost perfect stream line motion 
has been observed and recorded bv Dr. Ahlborn (see Fisr. 16). 
But at ordinary speeds, even with stream line forms, there is 
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It is obvious that the resistance will be partly due to riaoos- 
ity over the front part of the cylinder, and partly due to eddy 
or density resistance. The forces in action will therefore be 




always a r^on of turbulence and eddying motion such as we 
have already observed in the case of the flat plate, accom- 
panied by a surface of discontinuity between the main stream 
and the turbulent region. The eddying motions are in part 
doe to pressure differences in the undisturbed stream and the 
region behind the body, in part due to viscosity. The exact 
theoretical investigfitions of the causes at play are unimportant 
from the designer's point of view. It is more important to 
notice that jost as in the case of the flat plate, this turbulent 



Fig, 19. Flow Ahound a Cyi-iNDBH, 

represented as previously stated by an expression of the form 

And two wires or cables will only be comparable when r is 
tiie same for both, or simply when the product IV is the same. 

Fluid Motion Around Wing Surface 

It is to Langley, above all other men, that we owe an appre- 
ciation of the value of cambered surfaces. A good wing sec- 




tiii. 17. I'low fob a bMUKT Strut. 



K^on will be a region of low pressure and will introduce a 
densi^ or eddying resistance. 

This density resistance for a stream line body may be said 
to increase with the extent of the turbulent region. Thus in 




tion may give a lift-drift ratio of 18 as compared to the 
or 7 of a flat plate, and it is the remarkable efficiency o£ a 
wing surface which has largely rendered aviation possible. 

In wing surfaces, we recognize two distinct types of flow. 
For the small angles up to 6' or thereHbnuts a ste.idy flow ns 
shown in Fig. 20 for a typical airplane wing. At this angle — 



Figs. 17 and 18 depicting two standard struts, the finer strut 
has a smaller turbulent region and considerably less resistance. 
On the other hand, as the fineness ratio, or the ratio of length 
to maximum thickness, of a stream line body increases, the 
area in shear and the viscosity drag increase also; the fineness 
ratio must be kept within reasonable limits even from a purely 
aerodynamic point of view. 

Resistance of Wires, Cables and Cylinders 
Fig. 19 represents dia grama tically the fluid motion roimd 
a cylindrical body, such as a wire or cable, at usual airplane 
speeds. 




often termed the flrst or lower critical angle, turbulence begins. 
At 10°, as shown in Fig. 21, this turbulence is quite consider- 
able. Finally a second critical or " burble point " is reached 
at 18° for the same wing. Here an extremely turbulent type of 
motion, as Rhown in Fig. 22 is found, and the lift of a wing 
attains its maximum. Beyond this " burble point " the motion 
becomes extremely unsteady and the lift decreases. 
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The lift of a wing, as experiment shows, varies directly as 

f AV, with a different eoellicieiit for everj angle of incidence. 

Where turbulent flow is present this is readily explainable, 




Fio. 22. Flow for 



;rbd Wjng at 18°. 



as in the ease of the flat plate, on the hyi)otheBis of low pres- 
sure region at the back of the wing. 

It is the lifting power at small angles and in a condition 
of steady flow that offers theoretical difficulties. The most 
likely explanation is o£Fered by Kutta's theory or the vortex 
theory of sustentation. We shall resen-e the full treatmenl 



motion in these vortices and their inlemction is such that — 
as the hydrodynamical theory demonstrates — they have a 
downward momentum, and action and reaction being equal, 
the airplane wing receives an upward momentum. 

The drift or drag of a wing is for all practical purposes 
taken as varying directly with A\", wilh a different co- 
efficient for every angle of incidence. 

At high angles of incidence, the drift is almost entirely 
a component of the density resistance, and we see that what is 
taken to be the case in practice, is also theoretically correct. 
But at small angles and steady flow the resistatice is more of 
a viscous nature, more akin to skin friction. And skin 
friction, as we have already seen, varies as l" ", and depends 
also on the dimensions of the body. This introduces con- 
siderable diOiculIies, as we shall see later, in computing re- 
sistance in actual flight from small model experiments at low 
speeds. 

As to the form of wing giving the best results, no general 
laws are yet available, and each type of wing must be con- 
sidered separately. 

This section constitutes but a brief introduction to aerodyn- 
amical theory, but will perhaps assist the reader in the ap- 
preciation of the extensive aerodynamical data which we shall 
present later. 




Fic. 23. Aeroplane Wing with Trailing Vortices. 

of this theory also to a special article, contenting ourselves 
with the barest outlines: 

An airplane wing in steady flow gives off a series of trail- 
ing vortices as depicted diagrams tically in Fig. 23. These 
vortices are constantly destroyed and renewed. The circular 
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Chapter IV 

Flat Plates : Simple Problems on Sustention and 
Resistance of Wing Surfaces 



CoefiScients of Resistance for Circular or Square 
Normal to the Wind. Varying Sizes 

Although it would seem that the question of the forces on 
a flat platfl placed normally to the wind would be fundamental 
in aeronantics, and although it van be shown by the piineiple 
of dynamical similarity that similar plates should have the 
same coefBcients no matter what their size, provided that IV 
remains constant, yet considerable controversy exists as to the 
variation in the values with the size of plate, and with the 
velocity of flow. Those who are interested in the controversial 
aspect of the question are referred to the references at the end 
of the section. For all practical purposes, the following table 
may he safely used. 

R = KAV where R = resistance in pounds. 

A = area of plate in square feet. 
V = velocity in miles per hour. 



These values are plotted in Fig. 2 and are assumed to be 
true independently of the size of the plate. 



Clicular Plate, 
loFei^t. 


K. 



















Coefficients for Rectangular Flat Plates Normal I 
Wind. Varying Aspeet Ratio 



The aspect ratio 
shown in the Fig. 1, 



Flowaf 

4 



if a flat plate is the ratio of i> to a as 
With increased aspect ratio the resistance 
coefficient increases. A thor- 
ough theoretical discussion of 
this involves tremeudou.s dif- 
ficulties, hut the inci-ease is 
probably due to the fact that 
with increased aspect ratio 
the air flow is broken up into 
a greater number of vortices. 
with a resultant greater tur- 
bulence. The following table 
shows the effect of increased 
aspect ratio, according to ex- 
periments by Kiffel. The co- 
it for a square plate of the same areii is Inlrcn as unity. 

TABLE 2. 




. 1. Aspect U. 
Flat Plate Norm. 
TO THE Wrsi) 




Vorial/on iiritfi . 
pect ratio of the 
pressure an a 
normal flot p/aCe. 



Aapmd OoCio 
iTii Aspect Ratio of the Pbbssube on 
A Normal Flat Plate 

Coefficients for Flat Plates Inclined to the Wind 

Table 3 gives values for A',. A'., and L/D. anil Table 4 
the distance of the center of the pressure from the leading 
edge of the plate in terms of the chord, for flat plates of 
various aspeci ratios. The drag at 0° may be calculated from 
Zahm's formula for skin friction, 

TABLE 3. 
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Fifi. 3. Lipp Coefficients for REcrANGCL.AR Flat Plates or Various 
Aspect Ratios 
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Preliminary Application of Data for Flat Plates in 
Rudder and Elevator Design 

These curves and tables give fairly complete data for flat 
plates and are likely to meet all the requirements of design. 



In Kg. 3 are plotted values of S., against angle of incidence 
for various aspect ratios. In Fig. 4 the same treatment is 
applied to the X/I> ratio. 

In Fig. 5 are indicated the positions of the center of pres- 
sure for various aspect ratios and angles of incidence. In Fig, 
6 the directions nnd points of application of the resultant 
forces are indicated for a flat plate of aspect ratio 6 — the 
value which is usually employed for purposes of comparison 
— in order to pve the reader a more graphic idea of the 
forces at play. 

In all these values it may be noted that no allowance b 
made for possihle variation in the coefficients with aze of 
plates, and this is probably accurate enough for all practical 
purposes. 
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Flat Plates of Various Aspect Ratios 

It may be useful to indicate a few salient points, and to make 
preliminary reference to the design of flat rudden and eleva- 
tors. 

(1) For plates of all aspect ratios when turned from Eero 
angle, the lift increases until the critical angle or " burble 
point" is reached. Beyond this angle the lift rapidly de- 
creases, and no rudder or elevator should be employed beyond 
this critical an^e. 
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(2) The lift drag ratio is not much improved, for flat plates 
at the Barae angles, by increased aspect ratio. For all plates 
the ratio reaches its maximum value at small angles, 6* or 7'. 
At angles still smaller it decreases, due to the predominating 




rudder. It should be noted that the " balance " is only ap- 
proximate. 

Problems on Flat Plates 

A rectangular flat plate 4 feet 9 inches high and 3 feet 3 
inches long is employed as a rudder, and is placed with its 
leading edge at a distance of 18 feet from the center of grav- 
ity of the machine. The machine is traveling at 60 miles an 
hour. The rudder is hinged at the leading edge, whils Qm 
control leads are one foot from the rudder surface. (See Fig. 
8.) Find (a) the frietional resistance of the rudder when 



3'e"x4'S"-. 



Fio. 6,' DiAGBAM Showing Direction and Point of Appli- 
cation OF Resultant Force in a Rectangular Flat 
Plate of Aspect Ratio 6 at Small Angles op Incidence 

effect of the skin friction. Plates of large aspect ratio, being 
more sensitive at small angles, are, on the whole, more efDcient 
in flight. 

(3) On the other hand, plates of small aspect ratio have 
the critical ai\g\e much later and give a wider range of action. 
They abo give a much higher lift at the critical angle, which 
is important in the action of the rudder when "taxying" at 
low speeds on the ground. 

(4) For the elevator, which is more constantly used in the 
air, and from which great liftin? power is not required on the 
ground, an aspect ratio of three seems a fair compromise. 

(5) For the rudder, the above considerations seem to indi- 
cate an aspect ratio of one or two as advisable. 

(6) It should be noted that, aa the angle of incidence is in- 
creased, not only does the force increase, but also that from 
the point of application of the resultant force to the hinge, 
giving a greatly increased moment about the hinge. If eilher 
the elevator or the rudder is placed too near the wings it 
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Fig. 7, Diagrams for Aspect Ratio in Rudder and Elevator 

necessitates large areas for the controlling surfaces, and the 
pilot may have to exert tremendous force at lai^ angles. 

(7) To obviate the necessity of exercising large forces on 
the controls, it is possible to use a balanced rudder; one in 
which the hinge is placed about in the position of the center 
of pressure at small angles. The rudder in Fig, 7 is a balanced 




neutral; (b) its turning moment about the center of gravitj 
when set at an angle of 10° and its resistance at that angle; 
(c) the tension in the control lead under the same conditions 
as(b). 

(a) The area of the rudder = 2 X 3% X 4^4 = 30 square 
feet. From Fig. 13 in Chapter 3, we see that the frietional re- 
sistance on a surface of 15 square feet at CO miles an hour 
equals .0285 pounds per square foot. Thus the total frietional 
resistance = 2 X 15 X 0285 = .8C2 pounds. 

(b) The aspect ratio of the rudder = 1.5. The distancs 
from the leading edge to the center of pressure is given by Fig, 
5. Interpolating between (A.R. = 1) and (A.R. = 3), we see 
that the center ol' pressure on a plate of aspect ratio 1.5 at an 
angle of incidence of 10 deg. is .268 of the chord from the 
leading edge. Thus the desired distance = 3\'e X -268 = .85 ft. 

The moment arm about the center of gravity longitudinall; 
(see sketch of machine) = 18 -f .85 cos 10° = 18.84 feet. 

The moment arm about the center of gravity laterally = .85 
sin 10° = .14 feel. 

By Figs. 3 and 4, K, = .00109 and L/D = 5.5. Then L, tha 
force perpendicular to Ihe line of llight, = K^AV = .00109 X 
15X(60)' = 58.9 pounds, and H, the resistance,= L X ^A = 
— = 10.8 pounds. It will be seen that turning the rudder 

causes a decided increase in the resistance of the machina 

The above work gives us a basis for rapidly computing 
the turning moment. M = 58.9 X 18.84 + 10.8 X -14 = 1112 
pound feet, taking the movements of both the lift and the drag 
about the center of gravity. 
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(e) The turning moment about the leading edge of the 
rudder = 58.9 X .85 cos 10° + 10.8 X -85 sin 10° = 51 pound 
feet. 

Moment arm of control lead = cos 10* = .986 foot. 

Then, since the stress iu the control lead times the moment 
arm must Just balance the turning moment of the rudder about 



ita axis, tension in lead : 



51 



- 52.7 pounds 



General Conetderations of Sustaining Power and 
Resistance of Wing Sections 

We have seen that the equation for lift is 
L^EjAV (1) 

where ?, is a constant varying with the angle of incidence, 
A = area in square feet, and V = speed in miles per hour. 

In horizontal flight, the lift equals the weight of the ma- 
chine, W, and the equation becomes 

W^K^V (2) 

which ean be expressed in the forms 
IP 

E,: 



AV' 


<3) 


\i-^ 


(4) 


W 




K,V^ 





If we give a machine a large wing area, it will fly slowly. 
With a small area, it will attain a high velodty if suffident 
engine power is available. , 

The drag equation is 

D=K^A'r (6) 

The higher the value of L/D, the smaller will be the drag 
for a given lift and weight of machine at a given speed, and 
the less will be the power required. The ratio L/D is therefore 
a measure of the wing efficiency. For the R. A. F, 6, the maxi- 
mum value of L/D is at about 4° and at about this angle a 
machine would fly at its greatest efficiency. 

We have here neglected all other resistances than those of 
the wings. These resistances will modify the drag equation 
and the best angle of flight. We shall deal with these modifiea- 
tions under the Economic Laws of Flight. 

Problem of Sustentation and Resistance of 
Wing Surface 

A monoplane weighing 2000 pounds uses an R. A. F. 6 wing 
section. 

(a) What area will it require so that its lowest speed may 
be 45 miles an hourf 



as may be convenient. The lift coeffident is small at small 
angles and increases at larger angles until the " burble " point 

3e 3Sr 




Angle of Tncidencs 
Fig, 9. Characteristic Curves for R. A, F, 6 Wing Section 

or critical angle is reached, as can be seen from the curve of a 
standard wing section (R. A. F, 6) in Fig, 9. 

From these considerations may be deduced the following 
ideas, which should become absolutely familiar to every student 
of aeronautics: 

A machine traveling fast will require, by equation (3), a 
small value of ff,, and hence a small angle of incidence. Con- 
versely, flying slowly it will require a large angle of incidence. 

Sustaining a given weight, we can vary angle of incidence 
and dtber area or speed. 
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(b) What will be the drag of the wing at this speed and 
what will be the horse-power required for the wing alonet 

(c) Assuming that the parasite resistance (resistance of the 
body, chassis, wires, struts, etc.) is 120 pounds at 60 miles an 
hour, and that it varies directly as the square of the speed, 
what will be the total resistance and horse-power required at 
this speed f 

(d) If the power delivered at the propeller is 100 hoi-se- 
power, what is the maximum speed available f 

(a) Let A = wing area 

W — weight of machine 
D = drag of wing 
P = parasite resbtance 
R = total resistam e = D-\-P. 
From Fig. 9 we see that the maximum value of Kj is .00309, 
at 16°, Then, since W — K,A V, and V = 45 miles per hour, 
W 2000 

— = 319 square feet. 



2000 



K^r .00309 X(45)' 
(b) From Fig. 9, L/D at 16° = 6.8. Then D = -" 
pounds. 

Since - . horse-power is required to overcome a resistance 
DV 294 s 45 



of I pound at 1 mile per hour, horse-power = 



375 



= 35.3 horse-power to overcome wing drag at 45 miles per 
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The drag of the wings can also be obtained, of course, by 
substituting the proper value of S", in the equation 

D = K^AV* 

The first method described will prove the simpler when a 
number of cases are to be worked out, but the second is more 
accurate at very small angles of incidence, 

(c) At 60 miles an hour Kj = -^ = g^Q^/gQvi = .00174. 

Fig. 9 shows us that this value of Kj will be attained at an 
angle of incidence of 5.7°, at which angle L/D = 14.2. 

Then D = ?*^~ = 141 pounds, and R = D + P = U1 + 120 

= 261 pounds. 



The power required equals rrz" = 



RV 261 X 60 



= 41.8 horse- 



375 375 

power. 

(d) In order to determine accurately the speed obtainable 
with a given power, it is necessary to plot a curve of power 
required at various speeds. In computing points on this 
curve, we assume the parasite resistance proportional to V*, 
This is approximately true, the deviation being due to changes 
in resistance coefficients of body, struts, etc., as the angle at 
which they meet the wind changes. Proceeding on this assump- 
tion, P = KV*, since P = 120 pounds when V = 60 miles per 

hour, K = ^ = .0333, and P = .0333 F*. 

In Table 5 are given a few points on such a curve, com- 



puted as was that for 60 miles an hour, which we just secured. 
A student might carry through some of these computations, 
checking his results against those here given, in order to make 
sure that the method is perfectly clear to him. 
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Chapter V 

Comparison of Standard Wing Sections 



The National Physical Laboratoi'y has often been criticized 
in the past for not stating, in spite of its voluminous reports, 
what the '^ best " wing section is. There is no such thing as 
a " best " section. There are very bad wing sections giving 
abnormally high resistance and low lifting power; there are 



oratories. German laboratories have done a great deal of 
work with reference to propeller sections, and also have car- 
ried out tests on wing shapes of a great many forms, but the 
present selection is representative and sufficient for all prac- 
tical purposes. When a designer wishes to introduce slight 
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sections giving high lift at big angles of incidence, but too 
great a resistance at small angles, others giving a low maxi- 
mum lift, but very suitable for high speeds; others give a very 
stable motion of the center of pressure, but sacrifice aerody- 
namic efficiency. The selection of any particular form dej^ends 
on the performance required of the machine in view. 

As the result of several years' practice, modern machines all 
tend to a few types of wings, although there are numberless 
small modifications by individual designers. We shall attempt ^ 
to classify and give data for what may be called Standard Sec- 
tions, using the (pounds, per square foot, per miles hour) 
system of units for force coefficients. 

Representative Wing Sections Selected 

These have all been taken from the N. P. L. and Eiffel lab- 



variations in the standard forms, it will be always necessary 
for him to submit his variation to a special test, so that a com- 
plete collection of every form that has ever been submitted 
to publication would be useless. 

The sections we have selected are: R. A. F., No. 3, 4, 5, 6 

and Eiffel 13 bis., 32, 33, 35, 36, 37. In Fig. 1 these forms arc 
represented on a uniform plan, with complete dimensions, and 
values of camber. The camber of the upper surface is defined as 
ratio of maximum height above chord to chord length, and the 
same definition holds for the lower surface. The hollowing out 
of the lower surface, as we shall see later, has little importance 
— it scarcely affects the Lift/Drag ratio or the angle of inei- 
dence for the burble point, but it increases the lift about 17 
per cent at any angle when a plane lower surface is cambered 
out to a camber of 0.06. An increase in lift obtained in this 
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waj iuvalves a dangerous weakening of tbe wing. In Dr. 
J. C. Hunsaker's opinion, a decrease of camber below 0.05 or 
an increase of camber above 0.08 for the upper surface is dis- 
advantageous in practice. Broadly speaking for the incidence 
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second — the drag coefficient and tbe LlD ratio are both im- 
proved by increase in IF. The N. P. L. teste and EifEel's testa 
are unfortunately not concordant in this respect. Eiffel's ex- 
periments were made in a larger wind tui^nel and at bi^ier 
speeds, and if tbe same wing were tested at the N. P. L. and 
Eiffel's laboratory, the latter would give better results for botE 
drag and "LID. Since in an actual machine the product W 
will be very much greater than the values of either laboratory, 
the full size performance will always be somewhat better than 



Anglr of fncidence 
Pig. 2, 

giving maximum Lift/Urag ratio, tlie lift for upper surface 
camber of 0.08 may be twice as great as for a camber of 0.05, 
but the Lift/Drag ratio is diminislied by nearly 25 per cent. 
We shall deal later with the effects of varying the position of 
the maximum ordinate of the upper surface; the best position 
for this maximum ordinate is about % of the cord from the 
leading edge. 

Complete Data Presented 
In Figs. 2 to 8 are given curves for Lift, Drag, Lift/ Drag 
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the one deduced from these experimental I'esults, particularly 
where an N. P. L. section is used. Employing the exact figures 
of our curves, the designer will be proceeding on a very con- 
servative basis. Certain experiments of the N. P. L. — whieb 
we shall deal with fully later — permit us to make approxi- 
mate corrections. These have been made in the last colnmn 
of Fig. 9. 



luig^ of Incldsnce. 

Fio. 3. 

and Center of Pressure motion for these wings. In Fig. 9 a 
comparative table has been drawn up giving maximum Lift 
coefficients and corresponding angles; maximum L/D and cor- 
responding angles; the angle of incidence and the correBpond- 
ing UD for a lift coefficient of value .00086, and also the value 
of F for the tests from which these results have been taken. 
This is as complete data as the designer can possibly require. 
The aspect ratio for all the»<e sections is 6. 

We shall deal later with the effects of variation of scale and 
speed. At this point it is sufficient to state that whereas the 
lift coefficient is unaffected by variation in the product IF- 
ipan of wing in feet times velocity of relative wind in feet per 
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Points of Interest in Considering a Wing Section 

In discussing the merits of a section, there are so man; 
points at issue that it is only in an actual design that it is 
possible to enter fully into all. Study of the data submitted 
will be of much more ase if the following features are always 
kept in mind : 

(a) The maximum value of LfD, and the corresponding ffr> 
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A maehine in normal horizontal flight will generally be navi- 
gtted at tbe angle giving the best LfD ratio, which is there- 
fore most ifflportant from an efficiency point of view. The 
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Fig. 7. 
Uft eoeffident is essential. With a speed scout or a light re- 
eotmaissaace raachtae, a small value o£ Kj at best L/D is usual. 
With a sufficiently powerful motor a small wing surface may 
be nsed and a great speed attained. 

(b) Tbe mnTiTunm £, has a bearing on a number of pointa. 



The greater the maximum K, tbe slower is the speed at 
wbicb a machine may land. I£ the maximum K,, or simply 
large values of K„ are accompanied by a good L/D ratio, 
then the machine will be efficient and ready in climbing — 
though the best angle of climb is by no means the angle of 
maximum Kj, as we shall see later in considering the economic 
laws of flight. 

(c) The maximum K, should occur at as high an angle as 
possible, so as to give a big range, and possibility of a laige 
speed variation. 

(d) Tbe angle of maximum lift is termed the burble point, 



Fia. 6. 

nine of the lift coefficient at tbe best L/D is of importance. 
The greater the lift at this ratio the smaller the area of the 
wing surface required for a given load. With a heavy ma- 
ehine, such as a flying boat, or an armored battleplane, a big 




Fig. 8. 

as we know, and abo the " stalling " angle. It is very im- 
portant to consider what the shape of the lift curve is in the 
neighborhood of this angle. If the lift past the burble point 
falb off very rapidly, the pilot may easily stall the machine. 
He may increase the angle of incidence too far and find his 
sustaining power fall ofE dangerously. A wing with a flat 
lift curve at the burble point will avoid such danger. 

(e) The L/D ratio at small angles of incidence and small 
values of £, determines whether the machine is really suitable 
for high speeds. We have arbitrarily chosen K, = 0.00086 as 
the value of comparison, and it can be seen from the tables 
how widely L/D varies at this point. A machine with good 
maximum L/D and a high maximum K, might be totally in- 
efficient at high speeds. 

(f ) The movement of the center of pressure is important at 
low angles. If at low angles the center of pressure moves 
steeply back towards tlie trailing edge, the machine will have 
a tendency to " dive," provided for, of course, by fixed stabil- 

' izing surfaces on modem machines. If the center of pres- 
sure remains stationary, on the other hand, as in Eiffel 32, 
it will maintain its attitude at low angles, and will not tend 
to dive even with small stabilizing surfaces and Ineffident or 
inoperative elevator. Similar considerstionB apply to "stall- 
ing " angles. 

(g) In addition to the separate consideration of these 
points, there yet remains tbe appraisal of the wing throngh- 
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FIG. 9 COMPARATIVE TABLE OF STANDARD WING SECTIONS 
Lirr CoErncixNTS in Lbs. per Sq. Ft.; Miles peb Hr. 

Abpect Ratio 6 



Span of 
Wing in 
Feetx 
Relative 
Wind in 
Ft/Sec. 
IV. 



Camber 



WiNO 



Max. Kf 



Max. L/D 



Kv -.00086 



Upper 



Lower 



Section 



Angle 



Ky 



L/D 



Angle 



K, 



L/D 



Angle 



L/D 



Max. L/D 

— corrected 
app. to full 
I aice mach. 
in actual 
flight in 
accordance 
with exp'ta 
at the 
N. P. L. 



16 



0.081 



0.036 



49 



0.079 



0.030 



Eiffel 13 Bi.««. 



32 



20 



0.092 



0.033 



33 



10. 8' 



0.00336 



37 



0.080 



0.050 



35 



14.6' 



0.00296 



37 



0.088 



0.022 



36 



0.087 



0.041 



37 ! 14.1* 



6.3 



0.0S8 



0.032 



R.A.F. 3 



15.7' 



0.00288 



0.00347 



6.3 



0.075 



0.022 



14.0' 



0.00304 



6.3 



0.075 



0.022 



14.2' 



0.00288 



• • • • 


• • • ■ 


7.2 


5.2 


• • • • 


4.0 


7.8 


8.0 


7.0 



4.3' 



0.00129 



13.6 



1.9' 



11.4 



14.5 



3.0' 



0.00103 



18.2 



2.2' 



18.0 



18.2 



3.5' 



0.00152 ! 13.4 



-0.2 



9.5 



13.6 



4.8' 



0.00105 



18.7 



0.5 



r.o 



10.6 



18.9 



3.1 



-0.8' 



0.00142 



14.3 



0.0' 



13.1 



14.3 



0.00080 I 20.4 



-0.8' 



20.4 



20.4 



5.0' 



0.00195 



14.3 



-0.1 



7.4 



18.1 



4.2 



0.00142 



13.8 



1.4 



10.3 



19.2 



A 0«> 



6.3 



0.076 



0.008 



15. 4* 



0.00310 



7.8 



4.9' 



0.00142 
0.00157 



13.8 



1.4 



11.0 



19.2 



14.6 



1.9* 



10.4 



18.5 



out its performance. The designer must see how far one point 
of excellency conflicts with other requirements; what the 
range is. The ideal wing would give great lift and efficient 
climh, high efficiency in normal flight, and high efficiency at 
maximnm speeds. 

(h) A wing may be entirely satisfactory from an aero- 
dynamic point of view, and yet fail to satisfy as regards 
structural requirements. In Fig. 1 is shown a typical arrange- 
ment of the wing spars. It is important that the points where 
the wing spars are likely to be placed, the wing should have 
sufficient thickness to permit the use of reasonably deep spars 
without exaggerated width. A wing may indeed have sufficient 
thickness at two points for good spars to be placed, yet these 
points may be totally unsuitable. They may be too near to- 
gether, so that a weak overhanging construction or excessive 
spar loading is the result, or too far apart so that too long 
an unsupported rib section results. 

There could be no better plan for the reader to whom the 
subject is comparatively new than to go through all the wing 
sections presented with reference to these eight points. 

Consideration of a Few Sections in Common Use 

We shall consider a few sections in this manner ourselves. 

Take Eiffel 37, for instance. Its maximum L/D — the high- 
est of any section considered here is 20.4, occurring at — 0.8", 
which is still a good many degrees from the angle of no lift. 



though its center of pressure motion at this point is rapid. Its 
maximuin A'y is small (0.00288), with a L D of only 4.0. Such 
a machine would be unsuitable for heavy loading, but would be 
excellent for a high speed racing machine, in which little vari- 
ation in speed would be required. It would, however, have to 
land at comparatively high speed because of the low maximum 
Kj, The structural difficulties would be considerable, because 
there is insufficient thickness in the wing for the rear spar. 

Eiffel 32 is an excellent all-around wing. Its maximum 
L/Dy uncorrected for scale, is high 18.7. It has fairly good 
values of L/D for high lift coefficients. Its center of pressure 
motion is almost nil. 

R. A. F. 3 has the highest value of Ky (0.00195) at maximum 
L/D. It would be suitable for a heavy flying boat. At small 
values of Z",, on the other hand, its L/D is very small. It 
would be unsuitable at high speeds. Structurally it is excel- 
lent. 

R. A. F. 6 would also be a good all-around wing, not capa- 
ble of sustaining the heavy loads of R. A. F. 3, or given the 
high speed of Eiffel 37, but compromising usefully. 
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Chapter VI 

Effects of Variation in Profile and Plan Form of 



Wing 



As we have seeu in Chapter 5, numberless variations are pos- 
sible in the profile of wing sections. A slight variation in the 
profile may, however, introduce considerable changes in the 
aerodynamic properties of a wing, and necessitate a wind tun- 
nel test. Experiments conducted at the various laboratories on 
variations of camber, of position of maximum ordinate, on the 
thickening of leading and trailing edges, and so forth, have 
therefore rather a qualitative than a quantitative significance. 
But the results obtained deserve attention, and may serve as a 
guide to useful modifications. The most important of these ex- 
periments are summarized liere, and a fuller reference list is 
appended. 

Effect of Variation of Position of Maximum Ordinate in 

a Wing Section of Plane Lower Surface, and 

Constant Camber 0.100 for Upper Surface 

These experiments of the N. P. L. are mainly interesting be- 
cause they indicate where approximately the maximum ordi- 
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Fig. 1. Sections Used in Investigating X'akiations ok 
Position of Maximum Ordinate 

nate of a section should be to give the best possible L/D ratio. 
In Fig. 1 are shown a selection of three of the sections 
tested. They were all developed from one section by altering 
the position of the maximum ordinate and compressing or ex- 
panding the other ordinates to correspond. The Lift and 
Lift/Drag curves for these sections sliow considerable varia- 
tions in vahies as can be seen from the following table: 

TABLE 1. 

wl.\«; skrtlons i'laxe lower surface. upper surface camber 
0.100. Position* of Maximum Ordinate Varied. 

Angle 

for 
maxi- 
mum 
Kl 
18» 
16* 
8.5* 





Ratio 




Angle 




of position 




for 




of maximum 


Maxi- 


maxi- 




ordinate to 


mum 


mum 


S€vti(tn. 


chord length. 


L/D. 


L/D. 


A 


.500 


11.2 


8= 


n 


.332 


13.6 


4° 


r 


.168 


11.0 


4* 



Maximum 

Ku in Ib.s., 

sq. ft., miles/ 

hour, units. 

.00317 

.003.">8 

.0020G 



We see that the maximum L/D for section B with a ratio 
.332 is as high as 13.6, while for section C, where the maxi- 
mum ordinate is well forward, it sinks to 11. Again, the max- 
imum lift for B is about 50 per cent greater than that for C, 
The angle of maximum lift also appears much earlier when 



the maximum ordinate is nearer the leading edge. A iiuther 
inspection of the N. P. L. curves also shows that at the point 
of maximum lift, a slight variation in the ratio changes a 
smooth burble point into a dangerously steep one. 

The main result of the investigation is to show^ the care re- 
quired in altering even slightly the position of maximum 
ordinate for a given section, and also to indicate that the best 
position i^ about one-third from the leading edge. 

Behavior of Wings with Reverse Curvature 
at the Trailing Edge 

This constitutes a far more important question than that of 
the preceding paragraph. It would considerably simplify 
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Modifications of the R. A. F. 6 with OruKXED 

Trailing Edges 



airplane design, from the pohit of view of statical and dy- 
namical stability if the position of the centre of pressure or 
of the vector of resultant force on the wing did not vary its 
position so rapidly w4th change in the angle of incidence. It 
may be said that as a general rule for the usual angles of 
llight that wlien the angle of incidence decreases the centre of 
pressure on a wing moves far back, and the resultant force 
tends to dive the machine, decreasing the angle of incidence 
still further. When the angle of incidence increases, the centre 
of pressure moves forward and the resultant force tends to 
stall the machine, increasing the angle of incidence still fur- 
ther. We shall deal fully with this important point when con- 
sidering the general statical equilibrium of the airplane. 

Among other means of attaining stability, wings have been 
designed with a slight reverse cunature at the trailing edge, 
which have been very successful in keeping the centre of pres- 
sure motion wuthin narrow limits. It is important to us to see 
what sacrifice of sustaining power and efficiency reverse cur\'a- 
ture entails. 

At the N. P. L. a section (No. 1) very similar to that of the 
R. A. F. 6 was employed, and three reversed curvature forms 
2, 3, 4 were developed from it by turning up the trailing edges 
through successively increasing distances while keeping the 
thickness of section unaltered. The point of inflexion, at 
which the reflexing began was in each case 0.4 of the chor<l 
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from the trailing edge, though this could be varied to 0.2 
without mueh effect. These sections are illustrated in Fig. 2. 
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shown in Fig. 3 for 



, ^^-^::rtF.^_^ 



EiffelJS" 



all five sections. The curves for the N. P. L. sections show 
that as the elevation of the trailing edge increases, the centre 
of pressure motion becomes less marked in its movement 
toward the trailing edge, than stationary, and finally moves 
toward the leading edge. This is certainly satisfactory from 
the stability point of view, but the questions of efficiency and 
1 lift have also to be considered. The following are 



vantageouB, the decrease in efficiency progressing proportion- 
ately to the thickening. 

Effects of Thickening Wing Towardg the Trailing Edge 

Thickening tjjwards the trailing edge is sometimes advan- 
tageous from the point of view of structural strength, and 
experiments have been conducted to see tha loss in aero- 
dynamic efficiency such thickening involved. The sections em- 



ployed are shown in Fig. 5. It appears from these experi- 
ments that the lift coeflicient at a given angle of incidence is 
not much affected at angles greater than 7 degrees but that 
at smaller angles of incidence the Kft coefScient is actuaUy 
a little greater for the thickened sections. The ma\imum 
Lift/Drag steadily diminishes as the trailing edge is thiek- 

TABLB 8. 



the values obtained for 



L/n a 



K,: 



Mail- 

L/J>. 



" Phillips Entry " 



As shown in Fig. 6, the section R, A. F. 4 was modified into 
the R. A. F. 5 to give the weU-known " Phillips Entry." This 



It can be seen that as the rear edge is turned up the L/D 
and the maximum K, both decrease progressively. 

The main conclusion of the British investigators was that 
with an elevation of the rear edge of about .037 of the chord, 
the centre of pressure can be kept stationary, but with a loss of 
12 per cent, of the masimum L/D and 25 per cent, loss of the 
maximum possible lift. This would be too great a sacrifice for 
the sake of stability and the designer would find other methods 
of stabihzation such as the use of decalage in biplanes and 
negative stabilizers far more useful. 

Eiffel has, however, investigated a section with a very 
slightly reversed trailing edge (Eiffel No. 32 Lanier-Law- 
rance, details of which have been given in Chapier 5), which 
ia far more satisfactory and in wide use. Its ma."(imum L/D 
is about 18.2, maximum lift coefficient is about .0033, and it 
has an excellent working range. The centre of pressure 
motion is almost nil between degrees and' 10 decrees of 
incidence, and such a wing would certainly not tend to dive 
a machine, although it is not very good at stalling angles. Its 
shape offers certain constructional difficulties in the region of 
the rear spar. 

Effect of Thickening the Leading Edge of a Wing 

Contrary to a somewhat common conception, the thickening 




Pio. 4. Sections Emfloted in Investigating Effects of 

Thigicenino Leading Edges 
of the leading edge as shown in Fig. 4 was distinctly disad- 
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modiScation was found to have no effect on the aerodynamic 
properties of the wing, an important consideration in view of 
the fact that numerous attempts have been made to utilize 
this modification. 

Effects of Varying Aspect Ratio 

Fiippl's and Eiffel's experiments have dealt with cambered 
plates; tlie N. P. L. has investigated the effect of varying 
aspect ratios on a practical wing section rectangular in plan 



Fig. 7. Wing Section Euploted at the N. P. L. in Investi- 
gation OF Effects of Varying Aspect Ratio 

similar to the Bleriot XI bis which is shown in Fig. 7. For 
a more or less accurate understanding of the phenomena ac- 
companying such variation, it is necessary to consider pres- 
sure distribution, but for design it is more important to bear 
in mind the simple results of this investigation: 
As aspect ratio increases 

(1) The maximum L/D ratio improves, the corresponding 
angle of incidence remaining sensibly the same, and the 
L/D at other angles improves also. 

(2) the drag diminishes. 

(3) the lift coefficients at all except very small angles and the 
maximum lift cneSicient remain practically constant; the 
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maximum lift coefficient occurs at a smaller angle of in- 
cidence. 
(4) the angle of no lift occurs at smaller positive angles, or 
larger negative angles as the case may be. 
Although the Bleriot wing tested by the N. P. L. was of 
practical form, it is not commonly employed in modern con- 
struction. The correction tables (Tables 4 and 5) are solely 
based on results derived from it, and it does not at all follow 
that similar corrections would apply to wings of other form. 
In default of other experimental work, however, such correc- 
tions can be applied with probably a fair degree of accuracy. 
The values for aspect ratio of 6 are taken as a standard of 
comparison, this being the aspect ratio used for so much ex- 
perimental work on wing sections. 

TABLE 4. 

ArHBOXIUATE COBBECTIONS FOR MAXIMUM L/D WITH VABIATIGN OF 

Aspect liATiO. 

Ratio 
of maximum h/l> 
Aspect to maximum L/D 

ratio. at aspect ratio 6. 

3 .72 

4 .82 

5 .92 

6 1.00 

7 1.08 

8 1.11 

The following table shows the ratio of drag for various as- 
pect ratios to drag for aspect ratio 6 as unity : 

TABLE 5. 

APPBOXIHATE COBBECTION fob VALUE»t OF £:r WITH VABIATION OF 

Aspect IIatio. 

Angle of Aspect Ratio. 

incidence. 3 4 5 G 7 8 

0. 1.12 1.05 1.00 1 1.10 1.00 

2 1.15 1.90 1.02 1 1.00 1.05 

4 1.13 1.0-J2 1.10 1 1.00 1.00 

6 1.11 l.O.Jl 1.0:$ 1 .91 1.14 

8 1.22 1.040 1.01 1 .89 .91 

10 1.04 1.047 1.06 1 .88 .91 

12 I.:i0 l.O.-.O 111 1 .98 .99 

14 1.14 1.071 1.02 1 .92 .89 

IG 1.17 .94 1.00 1 .85 1.01 

18 876 1.180 .91 1 1.05 1.20 

Choice of Aspect Ratio 

In selecting ratio for an airplane many other considera- 
tions enter besides those of aerodynamic efficiency. Thus as 
aspect ratio and the span of the wings increase, the heavier 
the structure becomes for the same strength. This involves 
heavier bracing and more structural head resistance; the in- 
crease in weight itself reduces the aerodynamic efficiency indi- 
rectly. Hence if the aspect ratio were increased to an exag- 
gerated extent, structural difficulties would more than counter- 
balance the gain due to this increase. The question is too com- 
plex for theoretical treatment or for definite rules. Later in 
the design of a standard machine, comparative designs will 
be made for various values of aspect ratio. 

For preliminary design, the best method of fixing aspect 
ratio is to follow standard practice, and this would indicate: 

5 to 1 aspect ratio for monoplanes and small biplanes. 

6 to 1 or 7 to 1 for large biplanes. 

Effects of Raking the Plan Form of a Wing 

Experiments on the effect of raking the plan form of a wing 
have been conducted by Eiffel in France and Foppl in Ger- 
many, references to which are given at the end of this section. 
Unfortunately, their investigations were mostly on circular 
wings, were somewhat contradictory, and their results varied 
with different cambers. 

In the experiment which Eiffel conducted on a practical 
wing section, Coanda Wing, Eiffel No. 38, as illustrated in 
Fig. 8, the raked wing was decidedly superior to the rectangu- 
lar form into which it was cut down. Nor can this improve- 
ment be due to variation in aspect ratio which is negligibly 
small. The ratio of maximum L/D was about 1.2 to 1. 



It would seem therefore that experiment is in agreemait 
with practice in imputing certain advantages to raking. But 
in view of the variation in results with wings of different 







Fig. 8. 



m 

Sections Employed in Eiffel's Experiments on 

" Raking " 



camber, it would be unsafe to employ a correction ratio of 1.2 
in maximum L/D for the raking of any other wing, say an 
R. A. F. 6 section, until there has been further investigation 
of this point. 

Swept Back Wings 

Another variation in the plan form of wing sections, very 
largely employed on German machines of recent type, and also 
on one or two American machines, is that of swept back wings. 
Swept back wings are mainly used to give lateral stability. 
It has also been thought that their arrow-like form gave them 
an increased aerodynamic efficiency, and that longitudinal 
stability was also improved by their employment. We are not 
at present concerned with lateral stability. Aerodynamically 
a recent investigation at the Massachusetts Institute of Tech- 
nology shows a progressive decrease in efficiency with in- 
creased sweep back. As regards longitudinal stability the ac- 
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Fig. 9. Wings Used in Experiments on Swept Back 

Wings 

tion is peculiar and not at all so satisfactory as that of the 
wings with reversed trailing edges. 

An R. A. F. 6 wing, originally of aspect ratio 6 was em- 
ployed and swept back as shown in Fig. 9. The results of the 
investigation are summarized in Table 6: 



Sweep 
Bectitm. back. 

1 

2 10 

3 20 

4 30 



TABLE 


6. 




Angle of 




Angle of 
incidence 


inddeDce Maxi- 


Kv 


for maxi- mum 


for maxi- 


for maxi- 


mum L/D. L/U. 
4« 17 


mum L/D. 


mum ICr. 


.00143 


14« 


4" 16.5 


•OOl.'lO 


16" 


4« 16.2 


.00129 


16" 


4" 12.8 


.00120 


17* 



Maxl- 
mum 

K 
.00288 
.00276 
.00276 
.00266 
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Up to 20 degrees aneepback, it can be seen that the loss in 
efficiency is not so great, but the 30 degree entails a loss for 
whieh good lateral stability would scarcely eompensate. 
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Fi«. 10. Movement of Center i 
Vartinq Degrees 



F Pressure for Wings with 
F Sweep Back 



gravity as in sketch. Assume the force on the wing to be 10 
times that on the tail. Then in case A moments about centn 
of gravity are: 



gravity, and since its value is 10 + 1^ it is -^ = 3.18 feet aft 
of the centre of gravity between the two forces on wing and 



For case B raonients about centre of gravity are: 
(10X1)— (25X1) = — 15 in a stalling or clockwise di- 



rection. The resultant will now be 



15 



1.67 feet forward of 



The centre of pressure motion is illustrated in Fig. 10. It 
has the same peculiar characteristic for each of the wings. 
At small angles the centre of pressure moves backward, thus 
producing diving, but at large angles the centre of pressure 
moves forward, thus tending to stall the machine. Longi- 
tudinal stability is thus not secured. 

Negative Wings Tips of Swept Back Wings; 
Effect on Longitudinal Stability 

Swept back wings with negative wing tips have been suc- 
cessfully employed in German machines; and in the Bui^ess- 
Dunne, without the use of tail surfaces. Such wings certainly 
give a great degree both of longitudinal and lateral stability, 
but at some sacrifice of efficiency. Experimental results, ex- 
cept for complete airplane models, are not available, but a 
simple theoretical discussion at this stage is instructive; this 
involves the application of the first principles of mechanics, 
yet always presented considerable difRculty. It also gives us 
the opportunity of considering the stabilizing influence of tail 
surfaces in an elementary manner. 

Consider the two arrangements of Fig, 11, A and B, one 



the centre of gravity and forward of tbe force on the wing. 

A negatiio tail can thus convert a diving moment into a 
stalling moment at smaU angles. At large angles of incidence 
the negative lifting surface will become positive ood may be 
used to convert a stalling moment into a diving moment. A 
negative tail surface can thus be suitably adjusted to give lon- 
gitudinal stability at all angles within the flight range. 

Similarly for a machine with swept back wings and nega- 
tive wing tips, as shown in Fig. 12, at an angle of 1 degree 
incidence for a positive section A-A, the force has a eounter- 
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Fig. 11. DiAGRAU to Illustrate Variatiok op Kksultant 
Force with Positive and Negative Tail Surfaces 

with a positive tail surface, the other with a negative tail sur- 
face. We will assume the forces on the wing and on the tail 
to be vertical for simplicity's sake, although thb would not 
actually be the case, with positions of forces and centre of 



clockwise moment about the centre of gravity tending to 
dive the machine. For a negative section B-B, the force has e 
stalling moment about tlie centre of gravity which prevents 
diving action. Similarly, at large angles of incidence the 
positive surfaces of the wing may tend to stall the machine, 
while the negative wing tips then assume a positive action 
and counteract the tendency to stall. Thus if the wings are 
sufQciently swept back and the negative surfaces powerful, 
static longitudinal stability can be secured. 

The negative surfaces having so small an arm compared 
with negative tail surface must have a much larger surface 
than the latter. Consequently such an arrangement must be 
aerodynamically inefficient. This may be compensated for by 
the fact that no structural estensions to tail surfaces are neces- 
sary in a machine of this type. 
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Chapter VII 

Study of Pressure Distribution 



For general purposes, a knowledge of lift, drag and the 
position of the veclor of resullaiit force at various angles of 
incidence is as much aerodynamical data as the designer re- 
qaires with reference to a wing section. But an invealigation 
of pressure distribution hears directly on an understanding 
of the following important points : 

1. The variation of stresses in the covering fabric of a wing 

due to the unequal distribution of pressures. 

2. The great efficiency of a cambered surface as compared 

with a flat plate. 

3. The analysis of the forces at play and their esact bearing 

on efficiency, and on the position of the resultant vector. 

4. The relative importance and the inter- dependence of the 

two surfaces of a wing. 

5. The efEects of varying aspect ratio. 

6. The variation of lift and drift with speed and size of 

model. 
It is ei'ident, therefore, that Ihe question is not of purely 
scientific or academic importance. Much useful work has been 
done in this direction by Eiffel and the N. P. L,, and a great 
deal still remains to be done. 

Methods of Obtaining Pressure Distribution 

The mapping of pressure distribution is a lengtliy process 
requiring numberless readings. It is fully described in the 




and static pressure tube is placed in (he channel where the 
flow is undisturbed by the presence of the model. The static 
pressure tube is permanently connected to one arm of the 
usual manometer; the other arm can be connected alternately 
by means of the three-way cock either to the pilot tube or to 
the hole drilled in the wing section. 

The manometer can be thus made to read either the velocity 
head of the wind, or the difference in pressure between the 
static pressure of the channel, and tlie pressure on the wing 
at the point considered; and a direct comparison between these 
two quantities is immediately possible. Great care has to be 
exercised in obtaining values of pressure distribution which 
correspond to a constant value of the wind velocity, and in 
maintaining the same direction of the pitot tube relative to 
the wing. 

Over the upper surface of a wing there will be suction, on 
the lower surface pressure, and we shall indicate the exact 
distribution in this section. In Fig. 1, the suction force norma) 
to the upper surface, and the pressure force normal to the 
lower surface, are represented diagrammatically for the same 
position on the chord. If these forces are resolved along the 
line of the relative wind and perpendicular to it, we see that 
they add up to give a force upwind and lift. At other points 
along the chord these forces may oppose one another or give 
a force downwind. An elaborate method of graphical in- 
tegration for pressure forces has been devised by the N. P, L., 
but their integration was normal and perpendicular to the 
chord. Such summations, if taken as giving lift and drag, 
involve errors except at very small angles. 

Comparison of Results from Pressure Distribution and 
from Force Experiments 

In Chapters 2 and 3 we have divided the forces acting 
on a wing into two classes: density or turbulence forces, 
and skin friction forces. A study of pressure diagrams en- 



Fm. 1. Diagram to Illustrate How the Forces On Upper 
AND Lower Surfaces Assist Each Otheb, 



N, P. L. reports, and we shall only summarize briefly the 
methods employed. 

Holes of '/„ inch diameter are drilled in the wing where 
required, normally to its surface, and are pl-'g^ed with plasti- 
rane, except (he one under obsen-ation. The hole in use is 
connected by a length of very thin hypodermic syringe tubing, 
t«o small to cause disturbance, with a three-way cock. A pitot 
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ables as to determine the part wbich these forcea pl&y in pro- 
ducing, lift and drag. In Fig, 2, the results of a pressure 
force intejrralion are shown from es peri men ts on a R. A. F. 
6 wing, and (Compared with the usual force determinations. 

Tbe result for the lift values eoincides. Now, it is fairly 
dear timt skin friction forces would not impart lift to a wing. 
We can eoiiclude that lift is solely due to the density or turbu- 
lence forces, and, further, that lift can be obtained from the 
integration of the components of the pressure forces per- 
pendicular lo the relative wind. 

The drag cur\'es coincide at high angles, while between 
degree and 8 degrees the drag derived from the pressure in- 
tegration is less tlian that obtained from force experiments. 
The difference is due to the fact that tbe pressure results give 
no indication of skin friction forces. 

Effect of Variation of Speed and Scale on Lift 
and Drag CoefiBcients 

These considerations enable us to deal more closely with 
the question of variation in coefHcients with change of speed 
and scale, the product (IV). 

Elxperinienls at the N. P. L. show that lift coefficients are 
scarcely allccted by such change. If, as has been shown, lift 
is due to pressure forces solely, there is no reason why the 
lift should be affected. 

That poition of the drag due to density resistance and ac- 
counted for by the pressure integration would vary as AV'. 
But the skin friction, not accounted for by tbe pressure ex- 
periraejjts, varies as bl" f'". Therefore, with increase in 
speed and scale, tbe drag would nut vary as AV', but some- 
what less rapidly, and Kx would not he a constant. 

It might be possible for any model wing to find the density 
component of the drag by allowing for skin friction, step this 
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' FOR R. A. F. 6. 

up to full si;!e &s AV* and then to compute the skin friction 
from the tl" V" formula. But we are not too sure of this 
formula, and the process would be very complicated. 

Some experiments at the N. P. L. provide, perhaps, the 
best guide, althougb tbey have been coiried over too narrow 
a range. In Fig. 3 are given values L/D for the R. A. F. 6 
section, plotted at the same angle of incidence against log 
(IV), the logarithm being used purely for convenience in 
plotting. IE the designer wishes to correct to (he full-sized 
machine, he must take the value IV which is given in connec- 
tion with the section he employs and comjiare values of L/D 
at any angle of incidence witb that corresponding to log 
JF = 2.75(n' = 5C0), a good value for a full-sized machine. 
The N. P. L. also gives corrections for lift, which are to be 
regarded with doubt, and corrections for drag coefficients. 
But it would seem safer to employ only the L/D corrections; 



and even these should he only used for the designer's penwsl 
benefit, or in comparing the merits of two sections, as in tbe 
last column of Fig. 9 of Chapter 5. Designing without any 
corrections would be the most conservative method, and 
might ensure a pleasant surprise for full-size performance. 

Distribution of Preesnre at Median Cross Section of 
Various Surfaces 

Witb tbe ribs, stringers, fillers and good fabrics employed 
in modem wing construction, the stresses produced in the 
fabric are well within tbe limits of safety, ae we shall see 
later. But it is important to remember that it is not the 
mean pressure over a wing which gives the maximum stress 
in the fabric; it is the maximum pressure at one particular 
point. Also a small hole at one point of the fabric may 
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FiQ. 4. Dlsthibution of Pressure for Median Cross-Sec- 
tions FOR Various Surfaces at 6 Degrees Angle i. 

cause it to carry the added effect of the suction at the upper 
surface and the positive pressure at the lower surface. 

Eiffel in his earlier experiments consistently investigated 
the pressure distribution over both surfaces, and a number of 
his diagrams are shown in Fig. 4, while the maximum effect 
of suction on upper surface and pressure on lower face is 
shown in table in Fig. 4, at the same angle of incidence of 
6 degrees in each case. The speed of the test was 32 feet 
per second. Although these surfaces are not in common use, 
they serve as a qualitative criterion from Ibis standpoint for 
more practical wings. 

An incidence of C degrees may be taken as normal flight, 
and at a speed of 60 miles per hour it ts seen that pres- 
sures may vary from 13.4 to 8.82 pounds per square 
foot. This is, however, by no means the worst loading that 
can occur on a wing fabric. Under abnormal conditions sucb 
as flattening out after a steep dive, tbe maximum load per 
square foot may he many times greater. This question will 
be considered in detail in dealing with factors of safety. 

Dispibution of Pressure Over the Entire Surface of a 
Wing; Lateral Flow, Its Bearing on Aspect Ratio 

The most instructive experiments on the pressure distribu- 
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tion over the entire surface of an aeroplane are those due to 
Jones and Patterson, at the N. P. L. and to Eiffel. 

At the N, P. L. a single wing section has been dealt with 
in this way, but there has been a close and useful analysis. 
which is a first step in the investigation of phenomena of 
lateral flow, and of the \mderlying causes of tiie effects of 
varying aspect ratio. 



A section resembling the R. 
greater camber, was employed. 
a series of observation points as 
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tiong parallel to the median section. The actual metliods were 
similar to those already described in considering pressure dis- 
tribution over a median section, and the same remark applies 
to the resolution of components normal and perpendicular to 
the chord and their subsequent summation. The centers of 
pressure for each section were obtained by taking moments 
by a process of elementary mechanics, a similar process is 
fully described in the Bulletm Ae I'Institut Aerotechnique. 
Normal forces were again taken as a measure of the lift, 
and forces parellel to the chord as a measure of the drag, 
skin friction being neglected. The resolution of forces along 
and perpendicular to the chord, instead of along and per- 
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pendicular to the relative wind, involved the eiTor already 
mentioned, unimportant, however, except at large angles. 

In Fig. 6 are shown the curves of normal and parallel 
forces at the five sections for various angles of incidence. In 
Fig. 7, the contributory eSects of each section of the wing 
is clearly illustrated by eun-es giving lift, h/D and ceoter of 
pressure for each section. The following observations can be 
made from this data: 



(a) As each section, beginning with the median, is consid- 
ered, the distribution on the upper surface from high 



A. F. 6, but with somewhat 
Rectangular in plan, it liad 
shown in Fig, 5, on five sec- 
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Frci. 7. CosTRinuTOitT Effects on Variods Elekehts op a 

Wing at Vauious Angles of Incidence. SEoftoNa 

Located as in Fig. 5. 

suction forward and low suction aft alters progressively 
until when the tip is readied the highest suction occurs 
in the neigliborhood of the trailing edge. 

(b) On the lower surface, the positive pressures found over 
tlie central portion of the wing fall off, and eventually 
cliange sign, so that near tlie tip almost the whole sec- 
tion is under suction. 

(c) At the same time, the aieas of the curves of normal 
forces f.ti upper and lower surface decrease at first to 
about V, of their original value, but subsequently in- 
crease as the tip is reached. 

(d) Again as we move from the median section outward, 
the areas of diagrams proportional to parallel forces 
change from negative values (which oppose drag) to 
appreciable positive values, so that drag of the sections 
increases very rapidly in the neighborhood of the wing 
tips. Thus maximum L/D at A is 24, at E it is only 5. 

(e) It is the variations in pressure distribution as we move 
out laterally which cause the center of pressure of the 
whole wing to move back. 

This seems to demonstrate clearly that at the sides of the 
wing section there is a considerable amount of lateral flow, 
which prevents the establishment of a regime as efficient as 
at the center, where the air does not escape but follows the 
contour of the wing. 

It is now also clear why increased aspect ratio is advan- 
tageous: As aspect ratio is increased, the inefficient action 
of the esterior sections assumes less importance. Without 
further research it is, however, impossible to say whether 
increase in aspect ratio leaves the aerodynamical conditions 
at the median sections unaltered, or whether it improves con- 
ditions everywhere on the wing except on the lateral tip. 

These experiments may not be of immediate application in 
design, but may serve to give a better conception of what 
may be expected when a. wing is varied in plan form. Be- 
sides tl:e effects of varying ratio, these considerations would 
tend to explain the effects of raking. 

Distribution of Pressure Over Entire Surface of Wing 
and Curves of Equi-Preseure 

Eiffel employs an instructive method of curves of equi- 
jiressure over the entire surface of the wing. He has ob- 
tained such curves for flat plates and for cambered surfaces, 
but has unfortunately not carried his analysis very far, and 
gives us nothing beyond a graphical idea of the actual dis- 
tribution of pressures. In Fig, 8 we find curves of equi- 
pressure and pressures at various sections for the Nienport 
wing, which are somewhat more suggestive. 

In the Nieuport wing, the sections, while preserving their 
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freiieral character, Quo down as 1 



: from the median From these considerations we can apparently eoudude: 



se<'tioii outward. This has tlie effect of maintaining neai'ly (a) That it is the upper surface of a wing which is hy far 
Uie same character of [iressiire <Jisti'ibiition on all sections. the most important. 

(b) That hollowing out a section has very little effect either 
on its lifting power or on its eSiciencj. 
cw»j o^ e^/^eiKirt ^ somewhat similar conclusion was arrived at by Bende- 
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The outer sections have smaller values, it is true, but tlie 
maximum suction on them is still not far from the leading 
edge. This from considerations of preceding paragraphs 
tends to minimize the aerodynamic inefHciency on the outer 
section. A win{[ such as the Nieuport wing might, therefore, 
be very valuable, but further experiments would be necessary 
liefore this point could be definitely settled. 

Relative Importance and Interdependence 
of Two Surfaces 

In Fig. 9 are sliowu curves due to the National Physical 
laboratory, which show the distribution of pressures along 
and normal lo the chord on the upper and lower surfaces of 
two wing sections. The sections are alike in their upper 
surfaces, but one of them, section 2, is hollowed out, while 
the other, section 1, has a plane under surface. 

As we have already stated, the sum of two forces normal 
I" the chord is scarcely distinguishable from the lift. And 
it can be readily seen from these cun-es tliat in both sections 
Ihe upper surface contributes all the normal force at 2 de- 
jMces and nearly tliree-quartei-s of it at 12 degrees. 

It can be deduced from this that the lower surface of a 
wing section provides not more than onc-f(imrter of the total 
lift. We notice further that the curves for Ihe upper sur- 
faces in both sections are practically identical. 

Section 1 has no components parallel to the chord; in sec- 
tion 2, as can be seen from the cunes, the lower surface 
contributes very little of such components. Up to 7 degrees, 
the lower surface gives an upward force which helps to dimin- 
ish drag; above this it has down a "downward" and detri- 
mental effect. It can be seen here that the effect of the upper 
surface is similar in both sections. 



Fig, 9. Diagrams Illustrating the Tnterdbpendence and 

Relative Importance op Two Surfaces of a Wing 

Section. Coefficients Are in Foot Pounds 

Per Square Foot Per Mile Hour. 

raann in examining a heavily cambered almost circular pro- 
peller section ; the camber of the lower surface scarcely af- 
fected the value of tlie roellicients. 

Distribution of Pressure; the Principle of the Dipping 

Front Edge. Why a Wing Section Is Advantageous 

as Compared with a Flat Plate 



We know from the pressure diagram; 
such as that in Fig. 10, the pressure at 



that for any wing 
4 is negative, while 



that at B is positive. This seems paradoxical, since A would 
appear to be facing the wind, while B is sheltered from it. 
Page gives a very good explanation of this phenomenon com- 
monly known as the " Principles of the Dipping Edge." 
Photographs, such as we have already given in Chapter 3, 
show that the wind is deflected upward as it approaches the 
leading edge of the wing. A, although it faces the general 
wind direction, is thus screened from it, and becomes a region 
of low pressure; while on B the relative wind impinges di- 
rectly and receives a slight downward deflection. 

From somewhat similar considerations, we are now in a 
position to explain roughly why a wing section is so much 
more advantageous than a flat plate: 

(1) The suction on the upper surface of a wing toward the 
trailing edge is much greater than that for a flat plate, 
explainable by the principle of the dipping front edge. 
And a greater suction implies a greater lifting power. 

(2) From the pressure distribution curves on the median sec- 
tion, it can he seen at once that the greater part of the 
force on the upper surface is due to the suction in the 
region of the leading edge. 
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Hence in summing np components parallel to the chbrd, 
for a good wing, the resultant force will tend to be ^'np- 
wind/' and tend to nullify the skin friction, reducing the total 
drag. In a fat plate no such advantageous action will be 
present. A wing will, therefore, give a greater lifting power 
and a bigger lift to drag ratio. 
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Chapter VIII 

Biplane Combinations 



Monoplane surfaces are aerodynamically the most efficient 
Biplane combinations of any kind introduce interference be- 
tween the planes, a diminution of the suction on the lower 
plane, with a consequently diminished efficiency. But as air- 
planes increase in size the difficulties of suitably bracing 
monoplane surfaces become very great, and their lifting ca- 
pacity inadequate, and biplane construction must be resorted 
to. 

Another important aspect of biplane construction is the 
possibility of obtaining longitudinally stable arrangements by 
staggering or displacing the wings relative to one another, 
and by introducing small angles between their planes, which 
is known as decalage. 



The effects of staggering the planes for convenience of con- 
struction or with a view to increasing the range of view are 
to be considered within the province of practical construction. 

Orthogonal Biplane Arrangements with Varying 

Gap Between Planes 

An orthogonal biplane, as shown in Fig. 1, Setting No. 1, is 
one in which the lines joining the leading and trailing edges 
of the two wings are both at right angles to the chord. 

Experiments to which reference is given at the end of this 
section to determine the aerodynamic coefficients of such com- 
binations with varying gap between planes have been carried 
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out solely on wings of an antiquated type, and it is by no 
means certain that similar values would apply exactly to 
modern wings. In default of further e.'shanstive experimenta- 
tion, the N. P. L. values must be taken as a guide, however. 
The results of the N. P. L. experiments showed that for nor- 
mal angles of incidence : 

(1) Drag per unit area of biplane combination was not 
appreciably greater than that of a similar monoplane surface. 

(2) The lift eoeffieients as compared with a monoplane sur- 
face decreased considerably, and that the loss was the greater 
the smaller (he ratio between gap and chord. 

(3) Loss in value of lift/drag follows: 

On the basis of these experiments the following table can be 
employed : 

T.\BL]J 1. 
Fob Anqi.es of Incidence is Noemai. FLiciur 

BeUo of gap to chord 0.40 O.SO 1.00 1.20 100 

Factor foe Ar to reduce bipiane Utt 
(roiD coflBcienU ot a moaoplaoe 

aurfntc ,.. 0.01 0.70 0.81 0.80 0.89 

Factor for K,/Ki to reduce from 
coelBcleatB ot a moDoplaae sot- - 
'ace 0,75 0.7& 0,81 0.S4 0.8S 

Distribution of Forces Between the Upper and I^wer 
Wings of a Biplnne 

By an indirect deduction from Dr. Hunsaker's experiments 
on the triplane the following ligiires may be given for the dis- 



tribution of lift on the upper and lower wing of & biplane, 
witb ratio gap to chord 1.2: 



Angle of Incidence 



TABLE 2, 
Percenlage 1 
Upper Wli 



4 54% 46% 

8 53% 47% 

12 54% 40% 

It is possible tliat the upper wing does not only carry a 
greater proportion of the lift, but that it also has a better 
L/D ratio and has a proportionately small drag. Still the 
standard assumption, as used by Dr. Zahra, among other emi- 
nent authorities, that 55 per cent of all the forces acting on a 
biplane may be taken as acting on the upjier plane ia suffi- 
ciently accurate for all practical purposes. The distribation 
of forces between the two planes is only useful in stress cal- 
culations in design, where an error of a few per cent will have 
little or no importance. In Eiftel's earlier experiments some 
interesting data for pressure distribution oQ the upper and 
lower wings of a biplane are gi\'en which bear out the above 



Distinction Between Static and Dynamic Stability 

It is important at this stage of the work to draw a dis- 
tiiictiun between static and dynamic stability. An airplane 
with static longitudinal stability has a righting moment 




Fig. 2. Vector Diaorams for Dipferemt Biplane Settings, Usma R. A. P. 6 Wing Section. 
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when displaced from its position of equilibrium, which tends 
to bring it back to the position of equilibrium. This righting 
moment may be so violent, however, that the airplane may 
acquire a considerable rotational velocity {pitching velocity), 



edge. It is possible to insure static stability also by the em- 
ployment of biplane combinations with stagger and d^calage. 
Dynamic stabibty without prelimintry static stability is im- 
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overshoot its position of equilibrium, and then, with the inter- 
vention of a righting moment in the opposite direction, oscil- 
late back and forth. In fact, the greater the static stahilily. 
the more violent may be the longitudinal oscillations. 

In addition, therefore, there must be dynamic stability sup- 
plied by large tail surfaces, with a long arm about the center 
of gravity to damp out the oscillations which the static sta- 
bility alone is unable to subdue. A concise but authoritative 
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discussion of dynamic stability has appeared in Aviation and 
Aeronal'TK'al Engi.veering (see appended references). 

Stable Biplaoe Arrangements 

We have seen that it is possible to secure a large degree of 
static stability at the expense of some loss in efficiency by the 
employment of wmgs with reversed curvature at Ibe trailing 
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possible, hue if an airplane is statically stable, dynamic sta- 
bility b certainly possible. 

Dr. Hunsaker investigated a great number of biplane ar- 
rangements al the Massachusetts Institute of Technology, with 
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varying degrees of staler and deealage, and foand that with 
certain combinations: 

(1) Static longitudinal stability could be obtained with but 
little loss in aerodynamic efficiency. 

(2) By suitable arrangements, the lift curve al the burble 
point can be flattened out and made to maintain its maximum 
for a wide range. This is particularly valuable, because it 
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eliminates the danger usually attending stalling altitudes. 
With a sharp drop in lift at the burble point, the loss in sus- 
tentation beyond a certain angle may be so great that the ma- 
chine may drop. 

Results of Experiments on Biplanes with 
Stagger and Decalage 

In Table 3 are given the summarized results for a series of 
tests on such combinations. In Figs. 1 and 2 are shown the 
corresponding combinations with the vector diagrams ; in Figs. 
3, 4, 5 and 6 are shown Ky and Kx curves, and in Fig. 7 are 
plotted these Kv against Kx curves for all the settings. 

To judge of the stability of any combination it is necessary 
to assimie a number of positions for the center of gravity, 
to assume a normal flying angle of incidence, and to see 
whether displacement from the normal flying position is fol- 
lowed by the correct righting moment about the center of 
gravity. If, for instance, the center of gravity for the setting 
No. 4 of Fig. 1 is placed as shown, between the vectors for 4 
degrees and 6 degrees incidence, with normal flying angle 5 
degrees, there will be statical stability. If the airplane dives 
to 2 degrees, the resultant force will have a clockwise mo- 
ment about the center of gravity and will tend to right the 
machine. If the airplane stalls to 8 degrees, the resultant 
force will have a counter-clockwise moment and will again 
tend to restore the biplane to its normal position. 

In Table 3 the various settings are classified as stable and 
unstable, and it forms a very useful exercise to examine each 
combination from this point of view. The comparative values 
aerodynamically and the lift at the burble point are brought 
out clearly by Table 3 and by the Ky and K^ curves. 

Even with these extensive tests it is impossible to draw 
definite conclusions as to the selection of any particular type, 



and the results should be regarded as more qualitative than 
quantitive. The qualitative results would prevent any fan- 
tastic combination being employed. 

Some of the main conclusions may be summarized as fol- 
lows: 

(1) Stagger alone improves the aerodynamical qualities of 
a biplane, and flattens out the burble point, moves the vectors 
of force forward, but does not increase the stability to any 
appreciable extent. 

(2) Cutting down the lower wing of a biplane does not im- 
prove the stability, but it lessens interference, improves the 
aerodynamic efficiency, and flattens out the burble point. 

(3) Increasing decalage combined with stagger produces 
progressive stability, but at the expense of aerodynamic effi- 
ciency. 

(4) Among the most promising arrangements seem to be: 
No. 4. Decalage 2^/^ degrees, stagger 50 per cent. The 

stability is gained at the expense of but 4 per cent of the 
maximum lift/drag ratio, while a gain is obtained in all 
other properties. 

No. 3A. Decalage 2.1 degrees, stagger 50 per cent, 
lower chord 83 per cent of the upper chord. Here the 
stability is also attained at a loss of but 4 per cent on 
maximum lift/drag ratio, while the lift curve remains at 
its maximum over a range of 12 degrees. 

Comparison of Aerodynamic Losses Involved in Obtain- 
ing Stability by Reversed Curvature Wings and 
by Stagger — Decalage Combinations 

For reverse curvature wings giving static longitudinal sta- 
bility the ma\imum lift is 17 per cent less and the maximum 
lift/drag ratio is about 14 per cent less than for a simple 
orthogonal biplane, as seen from the last column of Table 3. 



TABLE 3. 
Chief Pabticulabs fob Stable Biplane Abranoements 



Typ« 


Gap 


Stagger 


Fpper 
Chord 


liOwer 
Chord 


Deralage 
Degrees 


Max. 

Ky/Km 


Max. 
Kp 


Ky/Ks 
where 
Kp - 
0.0005 


Ky/K* 
where 

A> - 
0.U0I8 


Range 

of Flat 

Burble 

Pf»int in 

Degrees 


Remarks on Stability with reference to Figs. 1 and 3 


Monoplane 


• • 


• • 


C 


• • 


• • 


1 15 


1.16 


90 


1.24 


2" 


rnstable. 


Biplane No. 1 ... 1 C 0. 


C 


C 

1 


0.0 


1.00 


1.00 


1 00 


1 00 


2° 


Unstable. 


Biplane No. 2 . . . 


C 


0.50C 


C 


c 


0.0 


1.00 


1.06 


1.00 


1.02 


2° 


Resultant forces from 2H° to lOH" intersect near a 
single point. If this point be the center of gravity 
there will be no pitching moment throughout this 
range. For the extreme rantre of raying angles from 
IH* to 20Vi° the equilibrium is stable. 


Biplane No. 3 . . . 


C 


0.50C 


C 


c 


1.0 


0.95 


1.03 


1.00 


1.01 


6° 


The force vectors for an^rles from 0° to 10° intersect 
near a point. If the renter of gtavity be at this 
point the equilibrium is neutral from 0° to 10°, 
stable from 10° to 18° and unstable from 0° to —5*'. 
If center of gravity be placed low, at about the in- 
tersertion of the vector for 4° and the lower chord, 
the equilibrii'm is stable for all the range from 
-2° to +18°. 


Biplane No. 4... C 

1 

1 

! 


0.50C 


C 


c 


2.5 


0.95 


1.03 


1.00 


1.02 


4" 


For a center of gra^^ty located anywhere in the lower 
triangle bounded by the vectors for —2° and —5® 
the equilibrit:m is stable longitudinally throughout 
the entire range of pitehing angle —5° to +20®. 
Very good arrangement. 


Biplane No. 5. . . 


c 


0.50C 


c c 


4.0 0.87 


1.04 


90 


0.99 


4° 


Excei>sive stability. Machines suitable for amateurs. 


Biplane No. lA. 


c 


0. 


C 1 0.83C 


0.0 1 1.04 1.04 


0.90 


1.05 


4° LonKitudinally unstable. 


Biplane No. 2A . 


c 


0.50C 


C 1 0.83C 


0.0 


1.04 


1.04 


93 


1 08 


12° 


Unstable. 


Biplane No. 3A . 


c 


0.50C 


C 


0.83C 


2.1 


0.96 


1.03 


0.96 


1.05 


12° 


Longitudinal stability for any center of gravitj 
located within the lower triangle formed by the 
vectors for -2° and -6°. This will be the case 
for a heavy sea-plane. 


Reverse Curva- 
ture Wings. . . 


c 


0. 


C 


0. 


0.0 


1 
0.86 


0.83 


1.21 


0.88 


20 


Longitudinally stable. 



C B chord length (upper). 

Kt/Km and other aerodsmamic coe£Bcient0 referred to the othosonal standard biplane as unity. 
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With a stagger dfcakge combination there is an actual in- the biplane drag was greater than that of the monopUna, 

crease in the maximum lift, while the UD loss is only 4 per while at high angles the biplane gave the better qualities. Tha 

eent. The constructional difficultiea in the region of the rear later Uassachiuetts Institute of Technology experiments gare 

qi&T are also avoided. On the other hand, stagger involves diametrically opposite indications. Since these experiments 




Lift Chtfndmt-Ky-^^-foandapera^Ft^-M.F.a 

Fig. 7. Lift CoErriciENTS Plotted Aqainst Drag tor Various Sbttings. 



increased length and resistance of wing struts and increased 
stresses in the drift bracing o£ the wings. 

The relative merits of the two systems can only be decided 
upon by a practical comparative experience of the two types. 
In the authors' opinion, the stagger-dccalage system is more 
likely to give good results than the reversed curvature wing 
system for ordinary maclUnes, For very high speed machines, 
flying at a small angle of incidence, however, the reversed 
curvature biplane offers 20 per cent less resistance than the 
orthogonal biplane with R. A, F. C wing section. In such ma- 
chines, where a low masimum K^ coellicieot and high landing 
speeds are permissible, the reversed cur\'alure wing miglit be 
very advantageous from the point of view of high ma^timum 
speeds. 

Aerodjmamic Comparison Between the Monoplane 
and the Biplane 

In Table 1 are given the correcting factors from monoplane 
values for biplanes with varying gap/chord ratios from the 
N. P. L. experiments. These will, ailhough based on a wing 
section of an antiquated type, as already mentioned, be quite 
correct enough for angles of normal flight, 4, 6 or 8 degrees 
incidence. But for very low angles of incidence and for very 
high angles of incidence there is a discrepancy between the 
results obtained by the British investigators and by Dr. Hun- 
taker. The former concluded that at low aisles of inddenea 



were conducted at a later date, and were carried out with 
R. A. F. 6 wing sections, they are probably worthy of more 
credence. The following table has been deduced from the 
curves of Fig. 7, where Ky is plotted against if, : 

TABLE A. 
Lirr/DRAO Ratio and K, fob OitTiioooNAL BrrLANi. R. A. F. Wma 
Section, Cjp/Cmoud Ratio 1. (iiVEH as rEHcESTAot or Uoho- 

F1.ANE VA1.LES VOk TUS SaUB Kf 

K,/K. K, 



o.iimu 



107 



To consider L/D and Kt for the same valnes of Ky for mon- 
oplare and biplane is really a much fairer compai-ison than 
to consider L/D and Kx for the same angles of incidence. 
It really matters very little what the angles of incidence for 
biplane and monoplane are, provided we have the same Kf 
and the same sustaining power at the same speed. 

From Table 4 one would conclude that the biplane has a 
very distinct advantage for a high-speed scout. Apparently 
at a high speed, and hence a low lift coeflicient, the biplane 
resistance is 10 per cent less than the monoplane resistance. 
This is an appreciable saving. For a machine which must fly 
slowly, and consequently with a high lift coeflicient, the bi- 
plane resistance is from 15 to 25 per cent greater than tha 
monoplane resistance. 



56 AERODYNAMICAL THEORY AND DATA 

References for Part I, Chapter 8 " ^^^jaL^^and^iyiSie'*'"''"^^'" ^^ ^' ^' ^"°^^^''''' ^"^ Bnyineering, 

,. ^, . . .. , -r ^, XT , 1 mi -I- «r I ; I " Dyuiimic Stability of Aeroplanes," by J. C. Hunsaker, in Aviation 

"Chapter on Aeronautics. * by .1. C. Uunsaker, in The Aewr Mechanical " j^^j^ Aeronautical Engineering. Aug. 1, 191G. 

Engineers' Handbook. .. DcterminaUon of the Effect on the Lift and Drift of a Variation in 

" The Design of Aeroplanes," by A. W. Judge, page 42. the Spacing in a Biplane." British Report, 1911-2, No. 60. 

»« rru.. T>^ io,««^ f n« ^r.A i,.i»ti^» •» K« f^ tPitr^i /ffotwinf^w i.,- T " DeterminatloD of the Effects of Staggering the Wings of a Biplane." 

"The Resistance of Air and Aviation, by G. Eiffel (translated by .1. British Renort 1911-2 No 60. * * ^ 

C. Hunsaker). -Application of Experimental Results to Practical Problems in Aero- 

" I^ Kesistence de I'Air et 1' Aviation," by G. Eiffel, 1914. Chapter 5. plane Desism." British Report, 1911-2, No. 60. 



Chapter IX 

Triplane Combinations — Uses of Negative Tail 

Surfaces 



In an article on " The Aerodynamical Properties of the Tri- 
plane," by J. C. Hunsaker and T. H. Huff, published in the 
November 1, 1916, issue of Aviation and Aeronautical En- 
gineering, the reader will find a complete treatment of the 
aerodynamic properties of the triplane, with a complete record 
of the experimental results obtained at the Massachusetts In- 
stitute of Technology. It remains for us only to summarize 
the main results, and to review recent constructional applica- 
tions of the triplane principle. 

The main conclusions from these experiments are: 

(I.) At the stalling angles such as 16 degrees the triplane 
and biplane give nearly the same maximum lift; the triplane 
has a materially lower resistance at this angle, giving a much 
better performance at slow speed. Thus the L/B ratio at 
16 degrees is 4.5 for the monoplane, 5.6 for the biplane, and 
6.5 for the triplane. 

(II.) At angles below 12 degrees the drag coefficient is 
not greatly different in the three cases, but the lift for the 
triplane is considerably reduced; it is inferior to that of 
the biplane which again is inferior to that of the monoplane. 

(III.) The best L/B for the triplane combination is only 
12.8 as compared with 13.8 for the biplane, and 17 for the 
monoplane. 

(IV.) The center of pressure motion is almost identical 
with that of the biplane. We have seen previously that the 
center of pressure motion for the biplane is nearly that of the 
monoplane. This demonstrates that the commonly made as- 
sumption of monoplane center of pressure motion for a wing 
of a biplane also holds for the triplane. This is an important 
fact in view of the methods employed in stress diagrams. 

The experimental results for Kj and L/B for the triplane 
as compared with the monoplane and biplane are summarized 
in Table 1 : 

table 1 
Table Summauizixu Cumpauative Vaues of K and L/D fob Mono- 
plane, Biplane and Triplane. 

^— Monoplane.-^ i Biplane. ^ f Triplane. ^ 

Actual Per- Actual Percent, of Actual Percent, of 
i K y centage. K ^ Monoplane. K y Monoplane. 

000486 100 .000432 88.8 .000404 83.0 

2 00103 100 .000864 83.8 .000776 76.4 

4 00145 100 .00123 85.4 .00109 76.7 

8 00218 100 .00186 85.2 .00169 77.4 

12 00278 100 .00244 87.6 .00226 81.2 

16 00277 100 .00273 98.5 .00267 96.4 

L/D L/D L/D L/D L/D L/D 

8.6 100 6.8 73.2 6.1 70.8 

2 16.8 100 12.2 74.7 11.4 69.8 

4 16.8 100 13.8 82.0 12.8 76.1 

8 1.S.8 100 11.3 81.9 11.1 80.4 

12 10.0 100 9.6 95.0 8.9 89.0 

16 4.5 100 5.6 124.0 6.5 145.0 

Interference in Triplanes 

Dr. Hunsaker's paper also deals fully with interference in 
triplanes. It is important in the structural design of the 



wing girder to know what portion of the lift and drag to 
attribute to each wing. The comparitive efficiency of each 
wing is also important from the point of view of overhang. 
It appears from Table 2 that the upper wing is very much 
the most effective of the three and the middle wing the 
least effective. The very poor lift of the middle wing is 
caused by the interference with the free flow of air due to 
the presence of the upper and lower wings. 

One interesting point brought out by Dr. Hunsaker toward 
the end of his paper was the fact that when the effects of 
the upper and lower wings were combined, results identical 
with that of a simple biplane combination were obtained. This 
would tend to show that the interference in the case of a 
triplane is similar to interference in the case of a biplane. 
The upper wing of a triplane would seem to be influenced 
by the middle wing in the same way that the upper wing of 
a biplane is influenced by the lower wing of a biplane. Again 
the lower wing of a triplane would seem to be influenced by 
the middle wing in the same way that the lower wing of a 
biplane is influenced by the upper wing. These are im- 
portant considerations to be kept in mind when modifications 
of the triplane are attempted such as stagger, overhang, 
deoalage, etc. 

TABLE 2 

Table op Valiks for Lift and L/D for Each Wixo of a Triplane 
Combination as Ratios to Lift and L/D of Middle Wing. 

Angle of Lift Lift Lift L/D L/D L/D 

Incidence. Upper. Middle. Tiower. Upper. Middle. Lower. 

2.68 1.0 1.82 3.63 1.0 2.30 

2 2.14 1.0 1.76 3.18 1.0 2.13 

4 1.91 1.0 1.64 2.59 1.0 1.69 

8 1.56 1.0 1.36 1.49 1.0 1.87 

12 1.56 1.0 1.31 1.30 1.0 1.84 

16 1.49 1.0 1.20 1.22 1.0 1.17 

Some Considerations for Triplanes 

There are two types of airplanes, (juite dissimilar, for 
which triplanes have been employed in this country, the huge 
Curtiss flying boats, and the recent Curtiss speed scout. It 
is interesting to consider what the possible advantages of the 
triplane are at these two extremes of design. 

In the het^vy types, particularly in seaplanes, the increased 
size must be developed without increase in landing speed. 
To insure about the same landing speed, the loading must 
remain at a figure of about 5 pounds per square foot. And 
for an aeroplane of four times the ordinary weight the 
wing area must be increased in like proportion. Monoplane 
construction is obviously impractical for such great areas 
of wings, and even with the biplane there is an enormous 
wing span. Such a span introduces great difficulties from the 
stress point of view and from the point of view of housing and 
handling. The employment of a triplane enables the span to 
be kept within reasonable dimensions and also permits the 
employment of larger aspect ratios. 
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At high angles the lift of a triplane is only 1.1 per cent 
less than that of a biplane of the same area. At 16 degrees 
the h/J) ratio of a triplane is 16 per cent bett«r than that 
of a biplane. At stalling attitudes, the triplane has therefore 
very decided advantages, giving a greater reserve power at 
low speeds in alighting. At 4 degrees incidence for beat I/D 
the triplane does not show up so well, and requires an increase 
in power of about 6 per cent. It would seem as if the 6 per 
cent increase in power can be compensated for by the pos- 
sibility of a less heavy type of construction with decreased 
span. Also there is the possibility of employing much greater 
aspect ratios than in biplane work, and this may compensate 
to some extent for the losses due to extra interference. 

Triplanes for Fast Speed Scouts 

From the photographs issued by the Curtiss Company, it 
seems clear that the original machine (see Aviation August 
15, 1916) was transformed (see Aviation October 15, 1916) 
by placing the triplane wing structure on the same body struc- 
ture as for the biplane. With approximately the same wing 
area divided between these planes the aspect ratio was in- 
creased very considerably, without esaggerating the span, giv- 
ing some aerodynamical advantage. The extremely narrow 
blade Uke wing permitted the single plane bracing system to 
be Bsed with much greater security. The employment of a 
single plane bracing system cuts down resistance very con- 
siderably, and if this bracing system is only possible with 
triplane narrow blarle construction, then triplane eunstruution 
would be a very sound tendency in the design of small fast 

Use of Negative Tail Surfaces 

In Chapter 6 we saw the possibility of using a negative tail 
surface so as to give static longitudinal stability, and in the 
problem which follows a definite case will be taken as an illus- 
tration of this possibility. In other methods of attaining 
stability such as employment of the reversed curvature wing 
or of Btagger-decalage combinations, dynamic stability might 
not follow' the static stability unless tail surfaces were em- 
ployed. In such cases the tail surfaces would probably have 
to be placed at zero angle to the wings, or even at a small 
positive angle. It is for this reason that the stable biplane 
arrangements, apparently so advantageous, are not more fre- 
quently used in practice. 



latter would be smaller than that of the former. The al- 
lowances made for the change in the angle of incidence were 
arrived at indirectly by measuring lift and drag on the sec- 
ond wing while in the presence of the first, and are not en- 
tirely reliable. Fig. 1 represents Eiffel's conclusions diagram- 
atically for a specific case. 

The relative wind for the front wing is horizontal; the 
chord of the front wing is at 10 degrees to the horizontal, 
the chord of the rear wing is at 4 degrees to the horizontal, 
with a deealage of 6 degrees. Owing to the downwaah of 
the front wing the stream lines at the rear wing now make 
a negative angle of 7 degrees with the horizontal, and the 
rear wing is actually at a negative angle of 3 degrees to the 
stream. 

Owing to the fact that the tail surfaces of a machine are 
so much further away from the wint,^, the deviation will 
be less perceptible and the following practical formula gives 
satisfactory results; 

If i = angle of incidence of the wings. 

Deviation of stream = {}/% i -f- 1) 

To take a concrete case, if the wings are at 8 degrees 

incidence, and the stnliili/er is placed at a negative angle of 

2 degrees to the chord, then its incidence will be 

(8-2) - IV2 .■+ 1) = , 

(8-2) - (8/2 -M) = ^ 

This deviation has an important bearing in the design of 
stabilizing surfaces on the angle of setting between the chord 
of the wing and the line of the stabilizing plane. 

Problem on the Design of Tail Surfaces to Give 
Longitudinal Static Stability 

The requirements of static longitudinal stability may be 
briefly stated as follows: 

(1) The machine must be in stable equilibrium at some 
angle of incidence, generally the angle of normal flight, say 6 
degrees for purposes of illustration. 

(2) If the angle of incidence of the aeroplane is from any 
cause less than 6 degrees, there should be a positive restoring 



Effect of Influence of the Wnsh of the 
Stabilizer Surface 






Eiffel in his later experiments conducted some tests on 
tandem wings. One important result of these tests was to 
prove that an airplane built with tandem wings would be 
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Diagram iLLUSTRATtKO Stabilizer Probleu. 



aerodynamically disadvantageous. Another result was that 
the doM-Q wash of the front wing would change the flow 
relative to the rear wing so that the angle of incidence of the 



moment or stalling moment; if for any reason, greater than 6 
degrees, there should be a negative or diving moment. 

(3) Within a few degrees of the posilion of equilibrium the 
righting moments should he comparatively imnU so as to give 
flexibility of control. 

(4) As the displacement from the position of equilibrium 
increases the righting moments should increase also. 

(5) The righting moments should never be excessive and 
should never exceed Va of the possible moment which can be 
exercised by the elevator. 

These results can be readily obtained by the nse of a suit- 
able negative tail. We shall now take a concrete case of an 
unstable orthogonal biplane with a total wing area of 432 
square feet; wing section E. A. F. 6; the center of gravity of 
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the machioe, as shown in Fig. 3. The loading is such that 
the maebine has an angle of IncideDce of about 4 degrees at 
a speed of 70 miles per hour. The gap chord ratio is 1.0. The 
taiJ surfaces, stabilizer and elevator are taken together, are 
placed at a distance of 16 feet from the center of gravity. It 
ia required to design a stabilizer to meet the above require- 
ments. 

We will assume that; 

(a) The design of the stabilizing surface is carried out prior 
to wind tunnel testa. 

(b) The center of pressure motion for each wing of the com- 
bination is precisely similar to that of the wing acting alone, 
so that L and D forces on each wing may be taken as acting at 
precisely the same point they would on a monoplane wing; this 
assumption is justified by results of both the biplane and tri- 
plane experiments. 

(c) The resultant force on the tail surfaces may be taken 
as approximately perpendicular to the moment arm and as 
being equivalent to the lift. This is not far from true for an- 
gles within normal flight and simplifies our calculations enor- 
mously. The stabilizer surface is taken as being equivalent to 
a flat plate. 

(d) The displacement of the vertical through the center of 
gravity for varying angles of incidence is neglected. 

The machine selected for this problem is shown in Fig. 2 
with the position of the center of gravity as indicated. It has 
a wing area of 432 square feet. The normal angle of flight 
being 4 degrees, it must weigh from elementary considerations 
(introducing .85 as correcting factor for K, due to biplane 
effect). 

W = KjAV = .0014 X -85 X 432 X 70" = 2560 pounds 

Taking momcuts about the center of gravity the general 
equation for the pitching moment at any angle is 

M = 2La~DC + DC — 16R (1) 

Where a is the distance between the vertical center of grav- 
ity line and the parallel line of lift on each wing (the wings 
assumed to carry equal loads), C and C are the distances from 
the horizontal axis through the center of gravity to the point 
of application of the drag forces. The distance of 16 feet is 
assumed as ihe distance from the center of gravity to the point 
of application of the resultant force R acting on the stabilizer 
as defined previously. 

Since, Fig. 2, the distance C — i feet; C" = 2 feet; the quan- 
tity {b — b) =2 and the equation can be simplified to the 
following form: 

2(La~V — SR)=it (2) 

The lift arm a varies of course with the center of pressure 
motion. 

Unfortunately no set method of design exists for this par- 



ticular problem. Area of stabilizer and the angle of setting to 
the wing chord have to be assumed more or less arbitrarily 
until the right combination is found, although each desigroer 
will probably find a short cut method. In two instances after 
a number of tentative combinations, the following values wen 
found fo specify oar conditions fairly well. 

Stabilizer, aspect ratio 3, area 50 square feet, angle of etU 
ting to wing chord 2 degrees. The K, coeflScicnts for the sta- 
bilizer treated as a flat plate can be taken from the curvea 
given in Chapter 4. 
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FiC. 3. LONGITTJOINAL PITCHING MOMENTS 



Machihx. 



A careful distinction has to be made between the apparent 
angle of incidence of the stabilizer to the relative wind and 
the real angle, taking account of tie deviation of the stream 
in accordance with the formula given. Thus if the wings are 
at an incidence of 6 degrees to the wind, and the stabilizer is 
at — 2 degrees to the wing chord, the real angle of incidence 



(6 — 2)— (^.6-|-l)=0degreeB 

The computations for the setting finally selected are shown 

in the Table 3. The curves of moments due to the wings, the 

moments due to the stabilizer, and the resultant moment are 

shown in Fig. 3. The conventional method of regarding mo- 



60 



AERODYNAMICAL THEORY AND DATA 



ments tending to stall the machine as positive, and moments 
tending to dive the machine as negative is adhered to. 

It is seen from the curves of Fig. 3 that the solution is only 
fairly good. Equilibrium is secured at 6 degrees. Approxi- 
mately on either side of the equilibrium position, the correct 
moments are obtained. If the machine goes below 6 degrees 
the resultant moment tends to stall it back to 6 degrees. If 
the machine goes above 6 degrees the resultant moment tends 
to dive it back to 6 degrees; that is satisfactory so far. But 
the resultant moment curve is far too steep about the position 
of equilibrium and the machine is sometimes too stable to be 



under perfect control. The problem is left in this form, how- 
ever, because an improvement of the solution would be an ex- 
cellent exercise for a student. The variations possible are in 
I Length of stabilizer arm. 
II Area of stabilizer. 

Ill Angle of setting of stabilizer. 

It must also be pointed out that the approximations em- 
ployed, and the factors neglected, such as the effect of the body 
and other structural parts, are so numerous that in construct- 
ing an actual machine a wind tunnel test would be finally 
necessary. 



Chapter X 

Resistance of Various Airplane Parts 



One of the most diincult i)roblems in aeronautical design is 
the prediction of the total resistance of the machine. The 
wind tunnel test is a good check, but it is most imi^ortant to 
assign resistance values to various i)arts and to tabiUate them 
prior even to the construction of the model. In this chapter 
have been collected as far as possible all the data available 
for bodies, radiators, fittings, wheels, cables and wires and 
certain other miscellaneous objects. 

Airplane Bodies from the Aerodynamical Point of View 

If airplane bodies were designed from a purely aerodynam- 
ical point of view, they would follow dirigible practice and 
be of streamline form. There are, however, a number of 
structural requirements which have to be met, which preclude 
the employment of such forms. The body must enclose the 
power plant and the personnel, the length must be long enough 
to place the rudders well clear of the wash of the planes, the 
shape of the body must conform to structural requirements 
such as the use of four longitudinal girders, or a triangular 
form which has been found to be advantageous in steel con- 
struction. 

No wind tunnel tests on bodies alone can determine exactly 
their resistance on an airplane, because the question is com- 
plicated by the position and form of the motor, and the dis- 
position of the tail surfaces. The propeller in a tractor ma- 
chine also introduces three possible variations in drag coeffi- 
cients: (1) when the propeller is pulling and there is a slip 
stream of velocity greater than the airplane velocity, (2) the 
resistance on a glide when the engine is shut down, but the 
propeller is revolving as an air motor; (3) when the propeller 
is not revolving at all, the engine being held. 

Tractor Bodies 

In Table 1 is given a comparative table of resistance co- 
efticients for area in normal presentation of a number of air- 
plane bodies, and in Fig. 1 are shown sketches of the same 
bodies. Exact comparisons are impossible because some of 
the bodies are made for two men and others for one. Still 
qualitative conclusions can be drawn. The N. P. L. Model 5, 
more symmetrical than the B. E. 3, shows a distinct improve- 
ment over the latter which is somewhat discounted by the fact 
that the B. E. 3 carries two men unshielded. The B. F. 36, 
an almost perfect dirigible form, is markedly better than 
cither of these two bodies. 

The resistance of the body in an airplane is appai*ently a 
small quantity, but the figures given below do not represent 
the resistance of a body in full flight where it is increased by 
40 per cent, the propeller slip stream increasing the relative 
speed of the air by some 25 per cent. Also, it must be re- 
membered that with a best glide of 1 in 8, a 5-pound increase 
in resistance is practically equivalent to an added weight of 



40 pounds. A blunt, square form of body such as is often 
seen in American practice may increase resistance even more, 
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B,E.8 




N.P.L Body 5 




B.F. 36 
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Fig. 1. Tractor Bodies. 

and better aerodynamical design of bodies seems a feature 
worth considering. 

TABLE 1. 



Comparative Table for Tractor Bodies. 



DesigDatiOD. 



Coefficient of resist- 
ance, K where R = 
KA\n (A =area 

in nonnal presenta- 
tion in square feet 

V = miles per hoar ; 
i2 = drag in lbs.) 



Length 

maximum 
depth. 



British B. E. 3 (with 2 men) . . .000720 7.35 

N. P. L. Model 5 000420(approx.)5.50 

British B. F. 36 (diricibleforra) .000258 5.75 

Deperdusitin (enclosiiig rotary 

motor) 001215 5.6 



TABLE 2. 



Resistance 

for a body 

of 8 square 

feet normal 

presentation 

at a speed 

of 60 m. p. h. 

20.7 

12.0 

7.4 

35.1 



Designation. 



Comparative Table for Pusher Bodies. 



Coefficient of resistance 
K where R = KAV^ 
(/i = maximum area 
in normal presenta- 
tion in square feet ; 
V = miles per hour ; 
12 = drag in lbs.) 



X. P. L. Model Body 3 (fairly 
symmetrical section) 000271 

Farman 3 (body in form of a 

boat, two men unshielded) . . .000845 



Pusher Bodies 



Length. 



3.2 



Resistance 

for a body 

of 8 square 

feet normal 

presentation, 
at a speed 

of 60 m. p. h. 



7.8 
24.4 



A pusher body such as the Farman 3, illustrated in 
Fig. 2, gives a not much larger resistance than the tractor 
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bodies^ but when the head resistance of the uncovered out- 
riggers is taken into account, it will probably be found that 



3 




Farman 8 
Fig. 2. A Pusher Body. 

pusher arrangements offer considerably more resistance than 
tractor bodies. 

Radiator Resistance 

The only values available for ttis are the results of some 
tests at the Massachusetts Institute of Technology. These 
were carried out on portions of a radiator of the honeycomb 
type having sixteen ^-inch cells to each square inch of the 
surface normal to the wind. The tests were repeated on two 
sizes of radiator section, one 0.25 square feet and the other 
0.111 square feet, and at various wind speeds. No*important 
variation in the resistance coefficient was apparent and the 
average coefficient may be used for practical calculations. 
This has a value Kx = .000814 pounds per square foot of pro- 
jected area per foot per second or .00173 pounds per square 
foot of projected area per mile per hour. 

Resistance of Fittings 

Fittings are so variable in design that it is impossible to 
give definite figures to meet every type of wing strut fitting. 
Tests were conducted at the Massachusetts Institute of Tech- 
nology on the fittings of which dimension drawings are given 
in Fig. 3; the coefficients of resistance are R = .00030 V^ and 
R = .00040 y* for the two types which at 60 miles an hour 




Outer Panel. R = .00030 IT. 




Inner Panel with Wing Hinge. R = .00040 F*. 

Fia. 3. Fittings Employed in Tests fob Head Resistance 
AT Massachusetts Institute op Technology 

Clakk Strut Fittings. Resistance Includes fitting, five turnbuckles 
and nuts but not dotted portions as indicated on drawings. Resistance 
in poands ; Velocity in miles per hour. 

gives 1.07 and 1.44 pounds respectively. Such figures will be 
at least approximately correct in desigm. 



Resistance of Airplane Wheels 

For a standard airplane wheel of about 26 X 4 mcHes in 
size, the drag found by the N. P. L. is about 1.7 pounds at 60 
miles per hour. This again is sufficiently accurate for prac- 
tical purposes. Eiffel has experimented with a number of 
wheels and shown that no great variation need be expected 
from the above value. An important result from the French 
experiments was the fact that an uncovered wheel had a re- 
sistance of 60 per cent more than a covered wheel of similar 
dimensions. This justifies the standard practice of covering 
the wheel in. 

Resistance of Wires and Methods of Plotting 

A certain complication is necessary in the methods of plot- 
ting the results for the resistance of cables and wires. As 
we have seen from the diagram of Fig. 19, in Chapter 3, of 
the Course, the resistance of a wire or any cylindrical body 
is partly due to turbulence, partly due to skin friction. It 
cannot therefore be represented by such a simple expression as 
R = KAV^ as for a wing, but by an expression involving 

V 

Reynolds' number, R = KAV^ f ( ), or if we replace the 

DV 
area of a wire by LD where D = diameter and L is length 

V 

in feet, then jB = KLD F' / ( ) . Since v, tha coefficient 



DV 



of kinematic viscosity is constant for air, we can simplify this 
expression by writing: 

R = KLD F* FiVD), 

We do not know what the function F(VD) is exactly, nor 
how it varies with size and scale except from experimental re- 
sults, and comparisons of resistance varying as LD F* can 
only be made between two cables if VD is a constant. If K 
is taken as a function of VD, then R may be written R =s 
KLD F* but then K must be plotted against VD in analyzing 
experimental results. This is the only rational and scientific 
method. 

An empirical method, however, is sometimes employed with 
fair accuracy of plotting the resistance of a wire whose length 
is equal to its diameter against F* D*. This has the advantage 
that the graph approximates very closely to a straight line, 
the slope of which is equal to K, thus giving an easy means of 
determining a mean value of K. 

Resistance of Stationary Smooth Wires 

The most accurate researches have been carried out at the 

N. P. L. and their results are shown in Fig. 4 plotted against 

R 

V'D, In the expression K = , R is in pounds, L in 

LDV* 

feet, D in feet, and F in miles per hour. But in the abscissae, 

values of V'D, V is in feet per second, and D in feet, so as to 

give the correct scale and speed relationships which must be 

in the same units. 

The accuracy of the cune at its lowest portion is doubtful, 
since the flow is apparently just changing its nature at that 
point, and successive observations under the same conditions 
may give quite different results. On modem machines of 
fairly high speed, however, the values of VD nearly always 
exceed 0.35 and consequently, do not lie on this section of the 
curve. 

Similar tests were made by Mr. Thurston and M. Eiffel, and 
the values obtained by the former are plotted in the same 
figure. Thurston's experiments, however, were very mueh 
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earlier, and Eiffel's covered a less range and were performed 
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Fig. 4. Resistance op Smooth Wires Per Foot Rdm. 

with less sensitive apparatus, so it is advisable to nse the 
N.P.L. results. 

Resistance of Vibrating Wires 

When the question of resistance first began to arouse in- 
terest, it was popularly supposed that a vibrating wire had 
juiidi greater resistance than a stationary one. This, however, 
is not the case. KeEearch on this point at the N.P.L. failed 
to disclose any difference whatever, although the balance 
would have shown deviations as small as 3 per cent, even for 
the extremely small forces under consideration. Mr. Thnis- 
ton, on tbe otlier band, concluded that vibration at the rate 
of 15 per second increased the resistance by about 5 per cent 
for small wires and by a somewhat smaller percentage for 
those of larger diameter. In any case, the effect is unim- 
portant. 

Resistance of Stranded Vires 

The air resistance of stranded wires was also investigated 
at the N.P.L., and was found to be about 20 per cent greater 
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than that for a smooth wire of the some diameter. This ia 
only approximate, as the coefficient depends on the number 
of strands, type of lay, etc. It is also imposaible to plot the 
values of K against VD for wire rope, as the VD law holds 
good only for objects which possess strict geometrical simi- 
larity, a tiling which stranded wires of different sizes never do. 

Resistance of Wires Placed Behind One Another 
The manner in which resistance is affected by the close juxta- 
position of two wires, one behind the other, is a point of great 
interest. Here, too, it is at present necessary to rely on Mr, 
Thurston, although we hope to be able soon to present the 
results of some more extensive and accurate testa on thii 
matter. 

Fig. 5 gives, in terms of the resistance of a single bar, the 
resistance of two bars or wires separated by various dis- 
tances. It wiU be seen that two wires placed one behind 
the other and spaced from 5 to 9 diameters apart, as is usual 
in double-wiring a biplane cellule, have from 60 per cent to 7S 
per cent more resistance than a single wire. The force is, 

K for LiuiTS 

pounds per V D in 
Object square foot foot second Attituoe 

per mile units 

hour units 

S phere 0.000445 VD> 32 



Hemispherical Shell 0.003840 V D> U 



Hemispherical Shell 0.008100 V D > 22 



Cone Closed Base . . 0.001300 



Cona Qosed BsGe . . O.Q 



Cone Hemispherical 




Cone Hemispherical 



-k::^^ 



Fia. 6. Rbsistancb op MiscEU-ANEOua Objects 
(After Eiffel) 

however, materially less than for the two wires placed side 
by side. 

Resistance of Inclined Wires 

Eiffel has experimented on the resistance of inclined wires. 

As would be expected the resistance of a wire progressively 

decreases as its angle with the wind diminishes. Table 3 gives 

correcting values. 

TABI^ S. 

Batloot reBlitanee tntbatola 
Angle of B wire to the wind. wire at flo degrees to tlia wind. 

BO degreea. 1.00 



80 dPBTeea. 
40 degreea. 
SO desreea. 



0.70 
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Suggestions for Stream-lining Wires 

It has been suggested from time to time that wire resist- 
ance should be decreased by " stream-lining " or adding a 
triangular portion in back of the wire. From experiments 
by Ogilvie, however, it appears that a section made up of a 
semi-circle and a triangle has a decidedly high resistance, and 
the gain from such a procedure would be small. 

Wires placed behind one another have also been covered in. 
The British Royal Aircraft Factory produces a very hea\^ 
R.A.F. wire in use on big machines which is stream-line in 
form. But the direction in wliich progress manifests itself 
at present is in the elimination of wires by certain modern 
trussing such as used in the recent Curtiss biplane. 

Resistance of Miscellaneous Objects 

The resistance of certain miscellaneous objects as deduced 
by Eiffel may sometimes be useful. Tlie values for such 
objects witliin certain limits are illustrated in Figf. 6. 



References for Part I, Chapter 10 

AIRPLANE BODIES 

British Kcport 1911-1912, page 52. 

British Report 1912-1913, page 11 (J. 

•' La Resistance de I'Air et I'Aviation," Eiffel, 1914, page 250. 

AIRPLANE WHEELi^ 

British Ifoport 1912-101:5. page 122. 

*• La Resistance do I'Air et I'Aviation," Eiffel, page 250. 

WIRE AND CABLES 

** Aerodynamic Resistance of Struts, Bars and Wires," by A. P. 
Thurston, Aeronautical Journal, April and July, 1912. 

British Report 1910-1911. 

" La Resistance de I'Air et I'Aviation," Eiffel, page 97. 
" New Mechanical Engineers' Handbook," Section on Aeronautics, 
by J. C. Ilunsaker. 



Chapter XI 

Resistance and Comparative Merits of 
Airplane Struts 




Considerations of Comparative Merit of Stmt Sections 

It is naturally desirable that some single expression be 
found which will give the general efficiency and theoretical 
desirability of any strut section under consideration. This 
was first done by the siatt of the National Physical Labora- 
tory, who devised what they called the " equivalent weight," and 
we have here employed 
an adaptation of this 
quantity under the name 
of the " merit factor." 
In deriving this, we 
start with the basic as- 
sumptions that the 
speed of the machine is 
CO miles per hour, the 
gliding angle 1 in 7, 
and the average width 
of the !<truts about 1 
inch (the exact breadth 
assumed depending on 
the form and strctiglh 
of the section). 

Then, since gliding 
angle = ^ , every / 
pounds of strut 
weight will give rise to 1 pound of resistance, in addition to 
'he aerodynamic resistance of the struts.f We can, therefore, 

IF 
write ^ = -7 — h^i where T = thrust due to the struts, and 

K is their aerodynamic lesistnnce. Simplifying, we have 
C = W + IB, but, since this expression lias a maximum value 
for the least eflieient strut, llie reciprocal is here employed, 

14300 
and multiplied by the constant 14300, giving C — ^y ujjf' 

The best strut under the conditions above specified is then 
the one showing the highest value for C, The reason for 
choosing this particular value for the multiplier is that it 
makes C — 100 for the best strut of the first and largest series 
which we shall consider. 

If the speed of the machine for which the stmts are being 
selected is greater than 60 miles an hour, the resistance be- 
comes of greater importance as compared with the weight, 
and the merit factors for those sections which, although hea\-y, 
offer very low resistances are relatively improved. If the glid- 
ing angle is flatter than 1 in 7, a similar effect ensues. 

On the other hand, if it becomes necessary to use struts 
having a diameter of more thnn 1 inch or thereabouts, the ad- 



Pic. 1, Ogilvie's Sections 



vantage inclines toward the sections which have the greatest 
strength for their weight, and the relative importance of re- 
sistance is diminished, since, in similar sections, weight varies 
as the square of the breadth and resistance only as the first 
power. These effects are, however, of slight importance, and 
would not be likely to change the merit factors enough to have 
serious influence on Ihe elioiee of 3 section in any given case. 

The question of strength will be taken up more fully in 
another section of the course. It will suffice to say here that 
the strengths of two struts have been considered to be equal 
when their moments of inertia about their longitudinal axes 

Strut Sections Developed by Ogih-ie 

We may now proceed to the examination of definite data for 
a number of series of struts, tested at various times and places. 
The following figures are the result of experiments performed 
at the N. P. L. at the suggestion of Alec Ogilvie, the sections 
being illustrated in Fig. 1. 

I — moment of inertia for the section in question about its 
longitudinal axis {inches' for a strut 1 inch wide). 

R = resistance in pounds of 100 feet of strut 1 inch wide at 
60 miles per hour. 

W — weight in pounds of 100 feet of spruce strut 1 inch 
wide. 

6 = width of strut whose strength will be equal to that of a 
strut of section a, and 1 inch wide. 

W = weight of 100 feet of spruce strut of width b. 

C„ — merit factor at 60 miles per hour. 



1 wclgbt D 



1 Rlide will I 



Many very interesting conclusions can be drawn from this 
table. In the first place, it is evidently of the utmost im- 
portance to avoid rapid changes in curvature. Several sec- 
tions, notably, e and I, although they appear to have a very 
smooth outline, oppose a large resistance simply because the 
transition from the entrance to the run is so abrupt that the 
air-flow eannot follow its contour, and violent eddy-making 
ensues. ., ■ 
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The good performance of several sections so formed indi- 
cates that it may be wise actually to run the sides of tbe strut 
parallel for some little distance, as illustrated by g and *. 
This is counteracted, however, by the fact that skio-friction 
increases in proportion to the " wetted surface " of the atrut. 
It is for this reason that tbe very longest sections did not give 
sucb low resistances as those of more moderate form. This 
matter of the ratio of length of section to width will be dis- 
cussed more fully somewhat later, in connection with another 
seriex of tests. 

It will be seen, too, that tbe resistance is little affected by 
the chopping off of a portion of the tail in such a manner as 
to leave it straight across. Fisamples of this are furnished 
by n, t and i. This is due to the fact that it has not been pos- 
sible in any strut yet designed to totally eliminate the region 
of deadwater behind tbe strut. As will be evident from any 
section of air-flow about a fair-shaped section, the lines of 
flow always leave the contour of the strut some distance short 
of the extreme rear. Since no changes made in the contour 
within this region will have any decided effect on tlie re- 
sistance, it avails nothing to go to the trouble and expense 
involved in the attempt to construct a wooden strut running 
ont to a sharp point at the back. 

Another Series of Struts Tested at the N. P. L. 

At about this same time another series of struts was tested 
at the same laboratory, the sections being those actually em- 



of the symbols being the same as in tbe tables already given, 
except that n ^ the ratio of the length to width of section. 




Fia. 2. Strut Sections 
Tested at N. P. L. 



CD 



ployed in machines then existing. The outlines of the sections 
tested are shown in Fig. 2, and the characteristics are given 
below. 



Blertot A 070 

Bleiiot B 107 

Farmaa 074 

De Havllland. .062 

Babr 110 

B.F. 34 219 

B.F. as 2.18 

B«U 188 



It will be seen that these figures simply supplement and 
confirm the conclusions already deduced from tbe more exten- 
sive and systematic investigations directed by Mr. Ogilvie. 

Tests on Struts, Length to Width Varied 

As a result of these and other tests, a series of struts em- 
bodying the best features of those already tried, and varying 
only in the ratio of length of section to width, was made and 
tested at the National Physical Laboratory. Three representa- 
tive members of this series are shown in Fig. 3. The table 
below gives the characteristieB of these struts, the meaning 
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TIjus it is apparent that the best of these sections are mate- 
rially superior to the best of the sections tested by Ogilvie, 
hotli in resistance and in merit factor. In Fig. 4 resistance of 
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100 feet of strut at 60 miles per hour, and merit factor at 60 
miles per hour, are plotted against ratio of length to width. 
As this ratio diminishes, the air-flow about the strut takes on 
a very uncertain character, and the values when n is less thao 
2 are rather doubtfnl. Such extremely short sections as this 
are also undesirable from the standpoint of lateral stability, 
ns will be shown in another section of the Course. On the 
other hand, n may be considerably greater than the absolute 
optimum value without any great disadvantage, so it will be 
well in general to employ a ratio of four, or even a slightly 
higher figure. The photographs of flow about strut sections, 
reproduced in Fig. 5, show clearly why such a procedure can 
be safely a 



Two Eiffel StniU 

Two struts of somewhat the same section as those just dis- 
cussed have recently been tested by Eiffel, and show remark- 
ably low resistances. Their outlines are gi\'en in Fig. 6. For 
Mo. 1, having n equal to 3.23, it equals 9.7 pounds, while for 
No. 2, with a somewhat sharper entry, n is 2.96 and R is only 
8,7 pounds. Part of this improvement over the best of the 
English tests, however, is undoubtedly due to tbe higher wind 
speed which is secnred in Eiffel's laboratory, the resistance 
coefScient having a tendency to rise as the speed of test is 
decreased. 
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Effect of Length of Struts 
We now turn our attention to the effect of the length of 
the Btnit. While this point is less important than was gen- 
erally supposed a few years ago, and while its effects are 
largely determined by the nature of the surfaces in which the 
strut terminates, the experimental results bearing on the mat- 
ter should neverthelees be studied. For this data we are 
indebted to Mr. Thurston, who has described his results in 
the series of articles already cited. As the result of a great 




ncl would be exceedingly difRcult to devise. The matter might 
well be investigated in an outdoor, full-scale plant such as 
that at St. Cyr. 

ReeistaDce of Inclined Stmts 

The only point which remains to be studied is the resistance 
of struts which are not normal to the line of flight. Some 
much more recent tests by Mr. Thurston have covered tliie 
jioint, and show very surprising results. Struts of square, 
rectangular, circular, and stream-line section were tested at 
angles from to 90 degrees, and the effects of the ends of the 
strut offering a direct resistance when inclined were overcome 
by the use of the method of differences: that is, tests were 
made first on a strut 34 inches long, and then on one 16 
inches long, the difference of the figures obtained being equal 
to the resistance of an 18-inch section of an infinite strut. 

The ratio of the resistance of a stmt inclined at i 





many experiments on manifold different types of strut, he 
came to the conclusion that resistance for a strut with free 
ends could best be expressed by the formula fi = KltV^ — 
.0073t'F', where R is the resistance in pounds, I and t, re- 
spectively, the length and thickness of the strut in feet, K a 
constant, and V the speed in miles per hour. 

It is evident from this equation that, even with the lowest 
values of K yet obtained, the effect* of length will be prac- 



j EiFi-EL Struts 

tically negligible when the length is more than 50 times tiie 
thickness, as it generally is. Since, in addition, the case of a 
strut with free ends is one which never occurs in practise, 
resistance may be considered as independent of length-thick- 
ness ratio for all the purposes of design. 

The form of air-flow about the wing may have very decided 
effects on the resistance of inter|)lane struts, but we have no 
means of knowing how great these arc, and experiments cover- 
ing this point and susceptible of performance in a wind tun- 
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Pig. 7. Data for Inclinkd P 



angles to the resistance of a normal strut of like section and 
equal projected length is plotted in Fig. 7. It will be seen 
that the resistance at 30 degrees to the wind is less than one- 
third of that at !KI degrees, and this large difference is by no 
means accounted for by the difference in length of section 
parallel to the wind. When a circular strut b placed at an 
angle of 30 degrees to the wind, the section parallel thereto 
is an ellipse having a length of twice its width, and the resist- 
ance of an elliptical strut such as this, when placed normal, 
is only 36 per cent less than that for a circular section. 
About 45 pel' cent of the reduction due (o inclination thus 
remains unaccounted for. 

Since, however, the curve of reduction is substantially a 
sine curve, and is therefore very flat at the ends, there is 
^ery little advantage to be gained from inclining a stream- 
line strut unless it is inclined at least 30 degrees to the nor- 
mal. This reduced resistance should, however, he kept in 
mind as a point in favor of the staggered biplane. Eiffel 
also made a few tests on struts inclined 30 degrees from the 
iionnal, the results checking very well with Mr. Thurston's. 

The Effect of Changing the DV Product for Struts 

As was shown in Chapter 10, the resistance coefficient is 
not an absolute constant, but is a function of VDj where 
r is the speed and JJ the diameter of the strut. The coeffi- 
cient ten<ls to decrease as VD increases, but the change for 
values of VD (in foot/second units) above 6 is extremely small, 
as Eiffel has demonstrated. The tests made at the National 
Physical Laboratory have been made with a value of VD 
equal to only 2.5, whereas, in an actual machine, this quantity 
would never be likely to fall below 5, and is generaUy from. 
7 to 10. 
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We can therefore deduce from EiffeFs experiments that it 
is safe to reduce the values for resistance liere given (for the 
N. P. L. tests) by about 25 per cent in applying them to a 
design. This indicates that, as was hinted above, the superior- 
ity of Eiffel's strut sections is more apparent than real, and 
that the best sections yet available are the N. P. L. sections 
having fineness ratios of from 3.5 to 4.5. The correction 
given here should be applied only to sti-uts of fairly good 
section, as the value of VD has much less effect on those sec- 
tions for which the resistance is relatively high, and in which 
there is more effect due to turbulence than to skin friction. 
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Chapter XII 

Resistance and Performance 



Nomenclature 



It may be useful to vestate tlie 
in considering perlorniance curves, 
ir = weight of the machine. 
-■1 = area of the wings. 
i = angle of incidence of llic 



1. 



lift. 



ymbols wliich we employ 
asci'iit and desi'enl. 



wings. 



I he wings. 

machine. 
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Fia. 1. Performance Curves fob the B.E.2 

assumptions, illustroled ihe main perfomiance cuncg and cal- 
I'ulations employed. In Fig. 1 are shown curves for Ihe Brit- 
ish B. E. 2. It is not a particularly modern machine, but has 
been worited out so thoroughly that i( desen-es particularly 

<'arefal study. 

The body or parasite resistance which includes the resis- 
tance of the wing bracing, chassis, etc.. as well as the resistance 
of the body proper, is taken as varying as 1" and allowance 
has been made for propeller slip stream velocity. The body 
resistance is seen to play an unimportant part st low speeds. 
Bat at about 53 miles per hour it becomes greater than the 
plane or wing resistance, and at high speeds it is almost twice 



Ky — lift coefficient. 

D = drag of wings. 

Ks — drag coefficient. 

R = resultant of lift and drag 

P — parasite or structural resistance i 

Di — total resistance or drag = /> -|- P. 

R, = total resultant air force on a machi 

/I — propeller tliriiM. 

6 = angle of fliglit path with the liori 



Structural and Wing Resistance for the British B.E.2 

In Chapter 4, a problem was worked out on the sustentatlon 
and resistance of wing surfaces, which in spite of .some rough 



as great as the wing resistance. Tiiis emphasizes the impor- 
tance of minimizing the resistance for a high-speed machine. 
However good a wing section itself may be, high structural 
resistance will make high speeds impossible. 

The plane resistance cur\e has a minimum value at about 
65 miles per hour and increases on either side of this speed. 
It is inferesting to follow out how this increase in resist- 
ance on either side occurs. At high speeds, the angles of 
incidence and the drift coefficients are small but the speeds 
are very great, and the increase in wing resistance is obvious. 
At small speeds on the other hand the airplane is flying at 
large angles of incidence to give the necessary sustcntation and 
liie drift coefficients are large. The shape of the total re- 
sistance cu^^■e follows from the summation of the two. 



Laws for Minimum Thrust s 
Horsepower 



Mi 

From a theoretical treatment of the question, the following 
interesting law haa been derived: 

ilifiimvm thrust is required to overcome the resistance of tm 
airplane ichen Ihe parasite resistance is equal to the drag of 
Ihe wings. 

For a proof of this law, reference to Chass^riaud and 
Espitallier is appended. In tlie case we have selected, illus- 
trated in Fig. 1, the structural air resistance and the wing 
drag arc equal at a speed of 53 miles an hour, while the 
minimum resistance is at 49 miles per hour. The law does not 
seem to be borne out by practice, thougli it may be occasion- 
ally useful as a rough check. 

The minimum horsepower required generally occurs at a 
low speed, but not at the minimum speed; and its position 
will vary for every machine. Another theoretieaUy deduced 
law states that : 

Mimmum horsepower is required when the machine is mov- 
ing at a speed at which the wing resistance is three limes the 
body resistance. 

This law is often highly inaccurate, but may be useful. 

Effective or Propeller Horsepower Available Curve 

Typical cur\es for these are also illustrated in Fig. 1, and 
are of the greatest interest to the designer. In establishing 
such curves it is generally assumed that the engine is running 
at the rated revolutions per minute and that in designing the 
propeller the efBeieney for this revolution per minute at every 
airplane speed is known. Thus assuming an engine which 
delivers 140 horsepower at an airplane speed of 80 miles an 
hour, the propeller having an efficiency of 75 per cent at this 
speed, the available horsepower will be 
140X75 



100 



= 105 horsepower. 
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Since the power of a propeller is given by the product ol' 
its thrust info the speed and tbe speed of the propeller is tlie 
speed of the airplane, it follows that when the propeller is 
delivering sufficient power, it is also delivering sufficient 
tbruBt. Hence propeller horsepower available is sufficient for 
all practical consideration, and propeller thrust curves need 
not be included in a performance chart. 



Minimum and Maximum Speed; Maximum Excess 
Power; Best Climb; Descent 

The maximum and minimum speeds of an airplane are gen- 
erally given by the two points of intersection of the propellei- 
horsepower available and the total horsepower required. It* 
.the machine is highly-powered, and the propeller efficient, the 
two curves may not intersect at the speed at which the lift 
becomes insufdcient, and the airplane would climb at stalling' 
angle, unless the engine is considerably throttled down. The 
climb decreases the angle of incidence, and checks stalling. 
It is thus a decided advantage to have excess available power 
at high angles. 

It is a simple matter to deduce the speed of climb from the 

excess power. This is absorbed in raising the machine. 

^ Total weight X climb per second 
Excess power = ^ ^-^^ ^ 

The maximum excess power does not occur at the lowest 
speed. To find it, we must measure the masimura ordinate 
between the available propeller horsepower and the total re- 
quired horsepower. In Fig, 1 this is to be found at 48 miles 
per hour. The excess is 21 horsepower and the weight of the 
machine is 1650 pounds. 
21X550 
1650 

ute. This is, however, only the initial rate of climb. As the 
machine rises, the density of the air, the power of the engine, 
and the climb gradually diminish. 

In practice, the pilot need not know the change of in- 
cidence that he produces to climb, although for a given ma- 
chine it is an easy matter to ealeuJate the correct angle from 
the performance ciir\'es. In Dr. Hunsaker's words, "a care- 
ful man moves his elevator slowly until he has placed him- 
self on tbe desired trajectory." Part of the art of aviation is 
to do this without exceeding safe limits, for obviously there is 
a limit to the rate of climb the engine can handle. If the 
machine is pnt on a climb too steep for the power of the ma- 
chine, the speed is suddenly tost, the controls become ineffec- 
tive, and the machine has stalled. 

In descent, very analogous considerations obtain. The 
pilot decreases his angle of incidence to a negative value. At 
this angle the speed required for sustentation is beyond that 
of the maximum, and the propeller horsepower is insufficient. 
If D = deficiency in horsepower, 

_ Total weight X velocity of desce nt. 



Climb = 



= 7 feet per second or 420 feet per n 



550 
The machine descends and gains the required speed under the 
action of gravity. 

The Two Regions of Control. Control by Throttling 

Consider the performance curves of tbe same machine, tlie 
British B.E,2 shown in Fig. 1. Suppose tbe machine to be 
flown at 10 degrees at tbe point M with the engine throttled, 
so that there is equihbrium, and the power curve is as shown. 
26 horsepower. The pilot wishing to rise will naturally in- 
crease his angle of incidence to say 12 degrees. He will then 
require 30 horsepower while the throttled engine will deliver 



even less than the 26 horsepower through the propeller. In- 
stead of rising the macliine will fall. 

Suppose now that flying at the same point and under tbe 
same conditions he wishes to descend, and decreases his angle 
to 8 degrees. He will now have an excess of power of 3 
horsepower as can be seen from the curves and will ascend 
instead of descend. There is therefore a region of reverse 
controls, known to French authors as the regime lent. 

At the point M', when the pilot wishes to rise and in- 
creases his angle of incidence, he does indeed obtain excess 
|)ower and rises. Here the controls are normal and the region 
is known as regime rapide. For an inexperienced pilot the 
n'gime lent is dangerous. Even if he knows the angle of in- 
i-idenee at which he is working, he is likely to get into diffl- 
<-ulties. 

With a flexible engine, an expert pilot can operate an air- 
plane in the slow speed region by manipulation of the throttle 
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alone. In Fig. 2 the propeller horsepower available is shown 
with the engine throttled down to various speeds for a design 
taken from Dr. Hunsaker's pamphlet, to which reference is 
appended. For each speed of the engine there is a different 
maximum and minimum speed of the airplane, and a different 
speed range. If the airplane is flying at the minimum speed 
in the regime lent region at a certain revolution per minute, 
the pilot can by unthrottling Ids engine pass to a larger speed 
range, obtaiu excess power and climh without cliao^ng his 
forward speed or angle of incidence. When an engine is 
throttled the danger of reversed controls is still greater, be- 
cause the speed range becomes so very small. Even the best 
of pilots may misUike his position on the curve. 

In French airplane contests, a premium has been placed on 
low speeds, and the rSgime lent with throttling has been 
largely and successfully used. Such ojieration does not seem 
advisable for ordinary flying. 

Variations in Propeller Horsepower Curves 
We will now consider the possible variations in performance 
by changing the design of the propeller from a high speed to 
a climbing propeller. In Fig. 3 the B.E.2 is again illustrated. 
The power required curve remains the same. By suitable 
design the propeller efficiency curve can be changed so as to 
give maximum efficiency at varying speeds. The design of a 
suitable propeller camiot unfortunately be detailed here. 

For the propeller with Efficiency Curve 1, the maximtnn 
efficiency is at high speed, and tbe Horsepower Available 
Curve 1 shows that such a propeller will give a high maxi- 
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71 



mum speed. It is a high speed propeller when applied to 
this particular airplane. 

For the propeller with Efficiency Curve 2, the maximum 
efficiency occurs at a lower speed. Such a propeller will give 
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Variation of Performance with Change in Pro- 
peller Design 



a smaller maximum speedy as can he seen from Horsepower 
Available Curve 2, but a greater excess power. It will be a 
climbing propeller. There are many such variations pos- 
.jible for any machine. 

Angle of Glide 

The best L/D for a wing section may be in the neighbor- 
hood of 14 or 15. But the parasite resistance of a machine, 
I. e., the resistance of the body, wing bracing, etc., increases the 
drag to such an extent that the L/Dt of the whole machine 
may be reduced to 7 or 8. It is this value of L/Dt which de- 
termines the angle of glide of a machine. 

In Fig. 4 is shown a machine which is gliding with tlie 
engine shut down so that the propeller exerts no thrust, i be- 
ing the angle of incidence, and 6, the angle which the machine 
makes with the horizontal line, being the angle of glide. Re- 



solving forces perpendicular to and along the line of motion, 
the equations of equilibrium for steady glide are : 

TFcose = L (1) 

Wsm^ = Dt = D + P (2) 
The angle of glide is therefore given by the equation 

tan e = ^ (3) 
L 

and has its maximum value when Dt is sl maximum. 

The minimum angle of glide is also termed the "best" 

angle of glide. At a given height above the ground^ the 




Fig. 4. Forces on an Airplane in a Glide 

forward displacement of the machine before landing varies as 
cos and will be a maximum for the smallest value of 0. The 
pilot has at this angle the greatest radius of action when de- 
scending from a height with his engine shut off. 

The angle of glide for any machine at any speed can be at 
once obtained from the total resistance curve for Dt and the 
weight of the machine, assuming L = W which makes a com- 
paratively small error. In Fig. 1^ the angle of glide is shown 
for all speeds of the machine in question. 



References for Part I, Chapter 12 

IJarnweH's " Aeroplane Design." 
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Chanter XIII 



Resistance Computations — Preliminary Wing 

Selections 



Example of Estimate for Parasite Resistance 
for a British Machine 

The B.E.2, mentioned in Chapter 12, will serve as an ex- 
ample of the estimate of the total parasite resistance of a 
machine. The estimate was arrived at by the Royal Aircraft 
Factory after the most careful tests, both at the N. P. L. 
laboratory and in full flight, and is given in Table 1. 

TABLE 1. 

B.E.2; Weight. 1650 Pounds; 372 Square Feet Biplane Surface; 70 Horse- 
power Engine. 



E^stimated parasite resistance at 60 miles per hour. 



Part, 
Struts 

8,6'0" XIK"- 
4.4'0" XIH". 
6,3'0" XIM". 



Whence obtained. 



Value in pounds 
per square foot of 
projected area. 



Resistance 
in pounds. 



N.P.L. Test 4.2 

1.4 

1.6 



7.2 



Wings 

2, 20' cable 

70.12G.H.T. wire. 
52 strainers 



29.5 

5.6 

Estimated 3 



Rudder and elevators 2.0 

Body with passenger and pilot. N.P.L. Test 40.0 

Axle 2.0 

Main skids and axle mounting 1.0 

Rear skid 5 

Wheels N.P.L. Test 3.6 

Wing, skids, wiring, plates, 

step, silencers, etc Estimated 10 . 



38.1 



59.0 



Exposed to a slip stream of S5 feet per second, for an airplane speed of 60 miles per 
hour, i. e., 88 feet per second. 

Body 40. 

4. 4''0" struts 1.4 

2/3 of 3'0" struts 8 

60' cable 6.7 

30* H.T wire 2.4 

Rudder and elevator 2.0 

Rear skid 5 

Fittings 2.0 



55.8 
In slip stream resistance increased to 91.5 

Increase 



35.7 



Total 140.0 

• 

One of the most interesting features of this resistance esti- 
mate is the allowance for slip stream. The parts of the air- 
plane included in the slip stream are, of course, taken within 
the area swept out by the propeller. The speed of the machine 
is 60 miles per hour, i.e., 88 feet per second, and the slip 
stream is 25 feet per second, i.e., 28.4 per cent, increasing the 
resistance of the parts involved by some 65 per cent. 



Discrepancies in these values arise from a number of causes. 
The Martin has interplane ailerons, and the other machines 
have wing flaps. The Curtiss has a water-cooled motor with 
radiator in front. The machine designed at M. I. T. has a 
radiator above the upper wing. The Curtiss has a two-wheeled 
landing gear, while the Martin has a third wheel in front. 

TABLE 2. 
Percentage of Parasite Resistance. 
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Curtis 90 h.p.. 
two place, 1893 
lbs. tractor 39.5% 10.5% 17.5% 28.5% 4.0% P -.035V« 126lb8. 

Martin, 1800 lbs., 

70 h.p. Renault. . 28.8% 18.7% 14.1 % 14.7% 22.7% P -.042r« 161 lbs. 

90 h.p. biplane, 
1850 lbs., tractor. 
designedatM.I.T. 36.0% 15.1% 18.8% 26.6% 3.5% P-.032r« 115lb8. 



Two tractor machines, carefully designed by students at the 
Massachusetts Institute of Technology, gave the following 
figures : 



Type. 
Tractor Biplane 
Reconnaissance . 


Weight 
in lbs. 

2300 


Parasite Resistance Allowing 
Coefficient, 10% increase 
Engine. V in m.p.h. for slip stream. 

120 h.p. P=.040r« .044 V« 


Resistance 

at 
60 m.p.h. 

158 lbs. 


Tractor Biplane 
Reconnaissance . 


2885 


125 h.p. 


P=.048or« .0530 ra 


191 lbs. 



Parasite Resistance Coefficient for a Sturtevant Seaplane 

For a Sturtevant seaplane, weighing 2650 pounds, with a 
140 horsepower engine, and where parasite resistance, on ac- 
count of the floats, is higher than for a land machine of the 
same ^teight, the structural resistance is estimated as being 
given by the formula P = .0532 F", and 10 per cent increase 
on all the parasite resistance is allowed for, bringing up the 
value to P = .0576F", or 212 pounds approximately, at 60 
miles per hour. 



Examples of Parasite Resistance Distribution 

in School Machines 

Table 2 furnishes useful estimates of parasite resistance 
distribution for a number of standard school machines. The 
slip stream velocity has been taken as 15 per cent of the air- 
plane speed, giving an increase in resistance of 32 per cent 
for the parts exposed to it. 



Allowance for Slip Stream 

The question of slip stream velocity is one of great com- 
plexity, and, in the present state of knowledge, it does not 
seem advisable to enter into very complicated calculations 
when working out performance curves. The estimated figures 
given for the various American machines seem to be very well 
borne out by tests in the field. The British allowance for slip 
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stream increase was 28.4 per cent, and the one g^ven by 
American practice is 15 per cent. It would be safe to say that 
if for the parts of the machine, within the area swept out by 
the propeller, the speed is increased by some 20 per cent, and 
resistance of those parts increased by some 44 per cent, a 
sufficiently accurate estimate will be made. 

The other method adopted of increasing the total structural 
resistance by some 10 per cent to allow for slip resistance, 
though not so rational, has the advantage of being simpler, 
and is still in accordance with tests in the field. For a mono- 
plane, where the parts exposed to the slip stream bear a larger 
ratio to the rest of the machine, an increase of 15 per cent on 
the total structural resistance is probably advisable. 

Preliminary Estimates for Parasite Resistance 

In making preliminary estimates for a machine, a really 
difficult point is the allowance to be made for parasite re- 
sistance. Some authorities allow for the parasite resistance 
by finding the resistance of the body and multiplying it by 
four for a biplane and by three for a monoplane. Such rules 
can only be roughly correct, and it is best to refer to data for 
standard machines and select parasite resistance coeflicients 
of a machine of similar type and weight. The figures given 
in this section will be sufficiently accurate for a preliminary- 
design. 

Preliminary Selection of Wing Section and Area 

A great many ingenious methods have been devised for the 
selection of correct wing sections and areas for the preliminary 



design of a machine whose engine-power and specification are 
given. Eiffel, among others, has developed a very complete 
system. It seems best, however, to employ the simplest and 
most straightforward trial and error methods, based on the 
following rules: 

(1) From a consideration of standard practice, select the 
loading per horsepower and hence weight of the machine. 

(2) From a consideration of standard practice, select the ap- 
proximate loading per square foot. 

i'.i) From some such considerations as those given in Chapter 
IV select two or three wings which are likely to give the 
<|ualities desired. 

(4) Assume a parasite resistance coefficient which from a 
standard practice is likely to apply to a machine of the 
type and weight in question. 

(5) Draw up a number of performance curves varying: 

(a) Wing sections 

(b) Area for each wing section 

(c) Assumed propeller efficiency curves. 

Some data on standard practice will be given in the Second 
Part of the book, and the above rules will be applied to the 
design of a standard machine. 



References for Part I, Chapter 13 
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Airplane Design 



Chapter I 

Classification of Main Data for Modern Airplanes 
Unarmed Land Reconnaissance Machines 

Land Training Machines 



The Army Classification 

Constructors in America have hitherto mainly developed 
one type of airplane, the tractor biplane reconnaissance ma- 
chine. But with the rapid development of military aeronau- 
tics, airplanes are evolving into distinct classes, just as the 
component vessels of a fleet. The memorandum on " Military 
Airplanes," prepared by the office of the Aviation Section of 
the Signal Corps, offers the most authoritative classification, 
and one which constructors must of necessity follow very 
closely. It suggests six distinct types, which we shall study 
as closely as possible, within the limits of data held confidential 
by manufacturers. (I) Land Reconnaissance Machine, used 
when there are no enemy airplanes; (II) Land Primary 
School Machine; (III) Land Advanced School Machine; (IV) 
Land Gun Carrying Machine, (V) All-round Twin-engined, 
Land or Water, (VI) Land Pursuit Type. 

Unarmed Land Reconnaissance Machine 

For this machine, the memorandum gives the following 
figures : 

TABLE 1. 

Unarmed Land 

Reconnaissance 

Machine. 

Horsepower 130 

Pusher or trai-tor Tractor 

Number of men 2 

Military load, pounds 475 

Fuel load, pounds 450 

Miles radius of action, full power 415 

Climb in 10 minutes, feet 3,400 

High speed, miles per hour 82 

Low speed, miles per hour 40 

Factor of safety 7 

Percentage made in war 2 

(CJross load is well over 2,500 pounds for this type.) 

The memorandum deals very unfavorably with this type of 
machine, "which forms, as we have said, an important part of 
American construction. It is said to be a false development, 
suitable only for use against an enemy who has no airplanes. 
Possibly useful for long-range reconnaissance, it will be out- 
matched in warfare by the armed " pursuit " type and the 
large armed twin-engine machine. For short ranges the pur- 
suit type will surpass it, for long ranges the larger machine 
may be not quite so rapid, but will have a greater radius of 
action. A careful study of these views would lead one to 
believe them correct and in accordance with developments 
abroad. 



and the empirical rules to be derived from it are invaluable 
in the preliminary stages of a design, and enable the designer 
to avoid misleading rough estimates of weights and dimen- 
sions. 

TABLE 2. 

Main Data fuu Two-Seater Tbactor Biplanes op the Unarmed 
Reconnaissance Type Over 2,500 Pounds in Weight. Recent 

Examples op Construction. 



Machine Standard 

Engine Hall-Scott 

A-5 

Horsepower 135 

Number of cylinders. 6 

Revolutions per min.. 1,250 
Gasoline tanlc capac- 68 

ity gallons 

Endurance in hours. . 6 

Maximum i>peed, miles 

per hour 84 

Minimum speed, miles 

per hour 46 

Climb in 10 minutes. 

feet 3,400 

Propeller diameter(two 

blades* 9' 

Weight loaded, pounds 2,700 
Weight bare, pounds. 1,900 
Useful load, pounds. SOO 
Percent useful load.. 29.6 
Weight per horsepow- 
er in pounds 20.0 

Weight per square foot 

wing area in pounds. 

Overall length 

Mean span of wing/ 

length 

Wing section R. 

Upper span 

Upper chord 

Upper aspect ratio. . 

Lower span 

Lower chord 

Ix)wer aspect ratio.. 

Gap 

Gap, lower chord. . . . 
Total area of wings. 

including ailerons. 

in square feet 

Area of rudder in 

square feet 

Area of vertical fln 

in square feet . 

Area of elevator in 

square feet 23 

.\rea of stabilizer in 

square feet 32 



Curtiss Wright- Sturtevant Wright-) 
R-4 Martin V S Martin R f 

Curtiss Hispano- Sturtevant Hall-Scott ( 



Suiza 
150 
8 
1,450 



200 

8 

1,400 

100 

gallons 

5.42apiir. 6 

90 

48 

4,000 



140 

8 

2,000 



A5a 
150 
6 
1,375 



J 



4.5 



gallon 



701 

ns) 



3.245 
2,225 
1.020 
31. 



5.08 
27' 0" 

1.41 
A. F. 6 

40' 1" 
6' 6" 

6.2 
40' 1" 

6' 6" 

6.2 

6' 6" 

1.00 



532 
10 



r> 



16.21 

6.42 
29' 0" 



8' 4" 
2,310 
1,725 
905 
34.2 

16.86 

5.86 
27' 2" 



86 

42 

3,500 



2,550 

1,850 

70O 

27.4 

18.2 

4.64 
27' 0" 



1.49 1.37 

R. A. F. 6 Vought 4 
48' 4V»" 39' 8^ 



tt 



6' 3" 
7.75 
38' 5%" 
6' 3" 
6 15 
6' 2" 
0.98 



505 
16.5 



5' 9" 
6.95 
39' 8 W 
5' 9" 
6.95 
.5' 7" 
0.98 



430 



1.65 
R. A. F. 6 
49' 6" 
6' 3" 
7.95 
39' 6" 
6' .3" 
6..32 
6' 3" 
1.00 



540 



4.84 
86 



3,500 

2.880 
1,905 

34.2 



19.1 

6.25 

26' 8" 

1.64 

50' 8" 

5' 6" 

9.25 

36' 10" 

5' 6" 

6.6 

6'0" 

1.09 



12.37appr. 15 
5 appr. 



Ailerons upper wing. 31 
Ailerons lower wing. 31 
Type of fuselage Rectan- 
gular 

Dihedral 3«» 

Stagger 10« 



27.5 
40.5 



33.8 

20.5 

Rectan 

irular 

3«» 

5" 



51.2 (ele 
vator and sta 
bilizer) 
.32.3 
32.3 
Rectan- 
gular 
1" 15' 



24 
28 



458 
8.7 
7.3 

• • • 

53.21 



(elevator and >- 
stabilizer) I 



Sweepback 



10* 



appr. 
None 



1ft. 
None 



30 

Trinn- 
sular 
2" 
None 



48 



} 



lo 
20.4% ) 



chord length ( 
None None 



Average Values for Machines Over 2500 



Pounds in Weight 



Analysis of Main Data for Repre.«entative Unarmed 
Reconnaissance Biplanes More Than 2500 

Pounds Gross Weight m • ^ q n^ * ^^ n ui i • 

^ Ihis group IS composed oi excellent, controllable maelunes 

In Table 2 are given the main dimensions and perform- very similar in character. It is therefore possible to drnw 
ances of a number of representative machines. Such analysis some fairly definite conclusions. 
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(a) Average gross weight, 2737 pounds. 

(b) Average wing area, 493 square feet. 

(c) Average horsepower, 155. The latter figure is consider- 
ably increased by the inclusion of the Curtiss R-4 with its 200 
horsepower engine. There is a tendency to give higher power 
to this class, with correspondingly better performances. 

(d) Average endurance, 5.65 hours. This figure is probably 
a very fair value of the endurance possible if good climb is to 
be maintained. It should be noted that it would be possible 
to take up much more fuel, and not decrease the speed; in fact, 
to increase it slightly. At the same time, minimum speed 
would be increased. 

(c) Average weight per horsepower, 18.1 pounds. The 
Curtiss lowers this average value, and is an indication of what 
will follow when lighter new engines, such as the new Thomas 
and Sturtevant, enter into construction. 

(f) Average weight per square foot of wing area, 5.65 
pounds. 

(g) Average maximum speed, 86.50 miles per hour. 
Average minimum speed, 45.75 miles per hour. 
Average climb in 10 minutes, 3666 feet. 

The number of machines considered is too small for curves 
to be plotted, but it is interesting to see how in diminishing 
the weight per horsepower from 24.2 pounds to 16.21 pounds 
the maximum speed increases from 84 to 90 miles per hour, 
while the low Sturtevant wing loading gives a landing speed 
of 42 miles per hour as compared with the Curtiss of 50 miles 
per hour. 

(h) Average of ratios of t^-. tt = 1-51 • 

overall length 

This is an important point to be considered in the design 
of a machine. As we shall see later in considering longi- 
tudinal stability, it is quite possible to secure adequate static 
stability by using a short body with a large tail surface placed 
at a negative angle. But an excessively short body, although 
it means saving in weight, may fail to give dynamic stability, 
due to lack of damping. At this stage of the science, we can 

only fix on a length for the body by taking average values such 
as the above. 

(i) Average aspect ratio upper wing, 7.60. 
Average aspect ratio lower wing, 6.76. 

There seems in the light of these figures no reason why an 
aspect ratio of 7.5 for the upper span, and 7.0 for the lower 
should not be successfully employed. 

(j) Gap/chord ratio is practically 1.00 in every case. 
Without undue conservatism, it would appear that for ma- 
chines of this size, the increased structural weight of a larger 
gap/chord ratio is prohibitive, whereas in smaller machines 
with smaller chord, much greater values might be employed 
to advantage. 

The dimensions of control and stabilizing surfaces present 
an exceedingly complex problem, so many factors being in- 
volved. They will be carefully studied in our design, but in 
the preliminary stages some of the follo«wing empirical rela- 
tionships may be useful: 

(k) Aileron or wing flap area: The dimensions of these 
will depend on the area of the wings whose rolling moment 
it may be necessary to overcome, on the weight and lateral 
radius of gyration of the machine and on the span of the 
wings which g^ves the moment arm of the ailerons. These 
factors are too complex, however, and at present the following 
formula offers a fairly satisfactory standard of comparison : 

(/S^jOj -f- Sfi^) = CA, where A = area of wings, S^ and S^ = 
spans of upper and lower wings, o^ and o^ = aileron areas on 
upper and lower wings. (7 = a constant. Where C is large 
there is powerful lateral control, where C is small there is 



weak lateral control. The values for the above five machines 
are as follows : 



standard 


Curtiss 


H-8 


R-4 


4.65 


4.50 



Wright-Martin 

V 

5.95 



Sturtevant 

S 

6.50 



Wright-Martin 
R 
5.33 



Too powerful lateral controls present difficulties in handling 
just as too weak controls. The average value of C = 5.38 
might be at least some guide. 

(1) For the horizontal elevator and stabilizer, the following 
very rough formula is sometimes employed in preliminary 
work, based on ideas similar to those enunciated in the pre- 
vious paragraph: 

a = — — , where d = some constant, Q = area of elevator and 

stabilizer, L = overall length, A = area of wingb land C = 
mean chord. 

The following constants hold for our five well controlled 
machines : 



standard 


Curtiss 


ri-3 


R-4 


.429 


.625 



Wright-Martin 

V 

.507 



Sturtevant 

S 

.416 



Wright-Martin 
R 
.561 



Standard 


Curtiss 


Wright-Martin 


Sturtevant 


H.3 


R-4 


V 


S 


.019 


.031 


.027 


.015 






Average value, 


.023. 



These constants are fairly close together, with an average 
value of .507. A big value of d means powerful control. 
Without further analysis, it is seen from Table 1 that the 
stabilizer is made between 20 to 50 per cent larger than the 
elevator. 

VL 

(m) Similarly for vertical surfaces, if f =-77:, where / = 

AS 

constant, F = vertical area of rudder and fin, L = length, 

A = area of wings and s = mean span of wings, we find 

Wright-Martin 

R 

.022 

We shall discuss the problem of vertical fin and rudder area 
more closely later. 



Primary and Advanced Training Airplanes 

In the training of military pilots similar methods are now 
employed in the majority of schools, and there are two distinct 
stages, " primary " and " advanced " training. 

On the primary machine, the aviator obtains his first certifi- 
cate, and the requirements of this type tend toward a steady^ 
slow type of machine, in which it is easy to acquire confidence. 
The advanced training machine is scarcely distinguishable 
from the land reconnaissance machine, although it is somewhat 
slower. In the memoirandum on Military Airplanes, the fol- 
lowing suggestions are made for these two types, which are 
of obvious and permanent utility. 

TAIiLE 3. 

Land Advanced School, may 
Land Primary School, can possibly be used for 

also be used for field mountain and forest 

artillery fire control tactical reconnaissance. 

Horsepower 80 100 

Pusher or tractor Tractor Tractor 

Number of men 2 2 

Military load, pounds 376 400 

Fuel load, pounds 3 50 240 

Miles radius cf action, full power. . 195 300 

Climb, feet in 10 minutes 2,600 3,000 

High speed, miles per hour 66 76 

Low speed, miles per hour 37 43 

Factor of safety 7.5 7.6 

Percentage made In war 25 20 

In designing training machines, the constructor has the ad- 
vantage of complete specifications issued by the Signal. Corps 
(Aeronautical Specifications, Nos. 1001 and 1002). These 
specifications are readily obtainable, but some of the main 
points are set forth here, as they will be applicable to onr 
design of a standard machine, and must be constantly kept in 
mind by the designer. 
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MODERN AMERICAN TWO-PLACE TRACTORS 

These Photographs Show Representative Two-Seater Tractor Biplanes of the Unarmed 
Reconnaissance Type, Weighing Over 2,500 Pounds 







Thk Wright Mahtin. Model R. TRArTOR 



Stttbtkvapit S Tractob 




Model V. Wrioht-Maktin Tbactor 



Thb Standard, Model H-'i. Tractor 




The Cubtiss B-4 Militabt Tbactob 
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IMPORTANT POINTS IN SPECIFICATIONS NOS. 1001 AND 
1002 FOR MILITARY TRAINING AIRPLANES 



Primary 
Tnictor biplaue, useful load : 

(a) I*ilot and passenger. 
330 pounds. 
Three hours 

(b) Gasolene, oil a n <1 



Advanced 

(a) Pilot and passenger, 
330 pounds. 

Four hours 

(b) Gasolene, oil and 
water. 



•) 



water. 

Curtiss eight-cylinder. OX-2, 90 horsepower at 1400 revo- 
lutions per minute, or an approved American made engine be- 
tween 70 and 90 horsepower, for the primary, and between 90 
and 110 horsepower for the advanced. 



3. Minimum speed, 37 miles 
per hour. 
Maximum speed, not less 
than 66 miles per hour. 



Minimum speed, 43 miles per 

hour. 
Maximum speed, not less than 

75 miles per hour. 



4. Fully loaded machine must attain an altitude of 10.000 
feet in 1 

Two hours. 75 minutes. 

5. Climb in 10 minutes shall be not less than 

2600 feet. | 3000 feet. 

6. Celerity of resi)onse to control, the proper degree of sym- 
metric and assymmetric stability (static and dynamic) ; steadi- 
ness in disturbed air, etc. Satisfactory manoeuverlng on the 
ground. 

7. Both the dual Curtiss (shoulder or chest yoke) and dual 
Deperdussin types of control ready for installation in cockpits. 

S. Factors of safety. 

(a) Main plane structure. Conditions assumed: 

(1) Load as above. 

(2) Angle of incidence of mean chord of main planes : 
that of maximum lift coefficient. 

(3) Air speed: tliat normally corresponding to the 
above load, and angle of incidence for the net 
effective surface area. 

Factor of safety not less than 7.5. 
(b) Body and tail structure. 

(1) Air speed, 100 miles per hour. 

(2) Angle of incidence of fixed horizontal tall sur- 
face, minus degrees; elevator surface minus 
20 degrees. 

Factor of safety not less than 2.5. 

9. A complete outfit of instruments, tools, pressure gauges, 
etc., is specified. 



Landing gear of two-wheel 
type. Wheels, 26 x 4 inch 
tires, and 6 x IMj inch hubs. 



10. Three-wheel type land- 
ing gear, the third wheel be- 
ing 20 X 4 inches, .iust in rear 
of the plane of rotation of 
the propeller; normally not 
touching the ground, but de- 
signed to touch the ground 
when the mean chord of the 
main planes is horizontal. 
Main wheels, 26 x 4 inch 
tires, and 6 x IM? i"ch hubs, 
w^lth spokes. 

11. Body shall be of one part, not the Jointed tail type. All 
turnbuckles in the body wiring to be readily accessible. In 
the side wiring they should be near the upper longerons. The 
wing spar fittings on the body to which the lower planes are 
attached shall be tied together across through the body by 
steel tubing. The interior of the body shall be so constructed 
as to permit thorough Inspection of all wiring, control leads, 
etc. As far as practicable all leads shall be direct. 

12. The design and mounting of the tail skid and vertical 
rudder shall be such as to prevent injury to the vertical rudder 
in case of failure of the tail skid. 

13. The number of different sizes of turnbuckles shall be re- 
duced to the miniminn. Pulleys, pins, bolts, turnbuckles, etc.. 



drilled for safetying. Safety wire shall be of No. IS gage cop- 
per wire. 

14. Satisfactory fields of vision. 

15. Seats in tandem, padded cockpits, safety belts. 

16. Housing around power plant readily detachable. Con- 
venient access to all parts of the engine which may require ad- 
justment or inspection. 

17. Radiator proof against vibration. 

IS. Gravity feed throughout preferred. A positive and reli- 
able system of pumping may be used ; in which case a gravity 
feed tank holding at least forty minutes supply to be embodied. 

19. Upper plane to extend beyond the lower plane laterally 
by an amount approximately equal to the chord. Lateral con- 
trol to be by means of trailing edge flaps on the upper plane 
only. 

20. Stranded steel cable shall be used for all tension mem- 
bers which are readily accessible for adjustment and for all 
control leads. Structural tension members shall be of hard 
cable, and control leads shall be used for terminals of hard, 
single-strand wire. No spliced terminals in hard cable will be 
accepted. All cables which are members of the wing struc- 
ture and normally under tensile load in flight shall be in du- 
plicate and made independent between fittings. Satisfactory 
provision for convenient and thorough inspection of control 
cables and pulleys and vital structural members. In the in- 
ternal wing bracing, the compression members carrying the 
drag of the wings shall be separate wooden struts and not 
wing ribs. Rib webs shall be reinforced between lightening 
holes to strengthen them in longitudinal shear. 

The above specification not only provides an excellent guide 
for the design of the school machine, but is also a guide to the 
performance which may be expected of this type. A machine 
might be perfectly acceptable, however, even if it did not 
adhere rigidly to the above specification, provided its main 
requirements were successfully carried out. Particularly is 
this true as regards the engine power. 

Data for a Typical School Machine Less Than 
2000 Pounds in Weight 

The Curtiss JN4-B, for which full data is supplied by the 
manufacturer is a good example of this type, and in default 
of a classification such as that of Table 2, should prove a reli- 
able guide in preliminary design. 

CURTISS JN 4 B 

Engine, Curtiss OX ; horsepower, 90 ; cylinders, 8 ; revolu- 
tions per minutes, 1400; weiglit per rated horsepower, 4.02 
pounds; bore and stroke, 4x5 inches; fuel consumption per 
hour, 9 gallons; fuel tank capacity, 20 gallons; oil capacity, 4 
gallons; fuel consumption per brake horsepower per hour, 0.60 
pounds; oil consumption per brake horsepower per hour, 0.030 
pounds. 

Maximum speed, 75 miles per liour; minimum speed, 43 miles 
per hour; climbhig speed, 3000 feet in 10 minutes. 

Net weight, machine, empty, 1320 pounds; gross weight of 
machine and useful load (fuel for 4.16 hours), 1905 pounds; 
distributed as follows: 225 pounds fuel, 30 poinids oil, 165 
pounds pilot, 165 pounds passenger. Total, 585 pounds. Per- 
centage useful load, 30.7 per cent. 

Total supporting surface, 356.7 square feet; loading per brake 
horsepower, 21.16 pounds; loading per square foot of support- 
ing surface, 5.3 pounds. 

Wing section, Eiffel, 36; upper ^pan, 43 feet 7% inches; 
upper chord, 4 feet 11 ^^ inches; lower span, 33 feet 11% 
inches; lower chord, 4 feet 11 ^/^ inches; gap, 5 feet 2 3-16 
inches; overall length of machine, 27 feet 3 inches; overall 
height, 9 feet 10^4 inches; ratio of mean span to overall 
length, 1.43. 

Dihedral, 2iA degrees ; sweepback, .0 degrees ; stagger, 12 5-16 
Inches. 

Control surfaces. — Ailerons (upper wing), 35.28 square feet. 
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Constant in formula (S, a^ -j- S, a,) = CA. C = 4.3. Horizon- 
tal stabilizer 28.7 square feet ; elevator 22.0 square feet. Con- 

stant in formula, ^='Tc'^ ^ •'^^^- I^udder 12.00 square 

feet; Vertical fin 3.80 square feet. Constant in formula, 

VL 
/=-^,/ = .029. 

Photographs and Drawings 

Considerations of space do not permit inclusions of draw- 
ings of these types. The accompanying photographs are rep- 
resentative. Details of construction and drawings will be fully 



developed in our design in subsequent sections, and drawings 
of one or two representative machines will precede this design. 
In the ensuing chapter, we shall study the pursuit type, the 
Twin Engine Machine, and the armed reconnaissance type. 
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Chapter II 

Land Pursuit Machine 

Land Gun Carrying Machine 

Twin Engined All 'Round Machine 



The High Speed Scout or Land Pursuit Type 

The high speed scout or pursuit type has in the present war 
assumed a very great importance. In the War Department 
memorandum on " Military Airplanes," its functions are well 
defined : 

" By virtue of its tremendous speed and climbing ability, it 
can dodge and outmaneuver its larger enemy, maintaining 
an effective fire with its machine gun, at the same time pre- 
senting a small and bewildering target. This is an ideal ma- 
chine for tactical reconnaissance. It can even drop a few 
bombs where they will do most good." 

The United States Army memorandum gives the foUowiiig: 
figures pertaining to this type: 

TABLE 1. 

Land Pursuit Type. 

Horsepower 110 

Type Tractor 

Number of men 1 

Military load, pounds 200 

Fuel load, pounds 150 

Miles, radius of action, full power 31 '» 

Climb, feot in 10 minutes >000 

High speed, miles per hour 115 

Low speed, miles per hour 48 

Factor of safety T.r» 

Percentage demand in war -l.o 

Very few machines of this type have been built in America. 
Abroad such machines have been used in great numbers, but 
little information is available for recent French and Englisli 
types, such as the Nieuport, Morane, Vickers, Bristol, Soj)- 
with, etc., with light rotary engines of between 80 and I'M) 
horsepower. Lately very light and more powerful 150 liorse- 
l)Ower V-type Hispano-Suiza engines have been employed in 
great numbers. 

We may say that an average of 120 horsepower is used in 
this type, that it is a single seater machine, almost always a 
biplane with the smallest possible wing spread, a tractor with 
a light machine gun firing either through the propeller or 
above the wings. 

English opinion based on experience in the war supports 
an inherently stable machine which the pilot can leave uncon- 
trolled for a short period while engaged in combat or other 
functions. To obtain inherent stability in this type is a difB- 
cult problem. The high loading per square foot of area is not 
conducive to stability, and the employment of correct fin 
areas and dihedrals is still a problem. The high loading also 
introduces difficulties from the point of view of stresses in 
the wing structure. Nothing lower than 7 pounds per square 
foot of wing area seems possible. 

With the production in the United States of such engines 
as the General Vehicle Company's Gnome and the Hispano- 
Suiza, there is to be expected a very rapid increase in the 



number of American speed scouts. These light and powerful 
engines will enable the w^eight per horsepower to be diminished 
and the speed and climb to be increased until European prac- 
tice is equaled. 

Data for Pursuit Type, 100 Horsepower Engine 

In Table 2 some data has been collected bearing upon some 
ot* these types. Little detailed information is available, but 
these figures and illustrations should be sufficient to give a 
ireneral idea of present development. 

TABLE 2. 
Data kou Hioh-Speed Pursuit Machinks. 



Model. . 
Engine . . 



Number of men 

Endurance at full speed (houns.. 

Maximum speed (miles per 
hour) 

Minimum speed (miles per 
hour) 

Climb in 10 minutes (feet) . . . 

Climb to 3,200 feet (minutea) 

Climb to 6,400 feet (minutes) 

Climb to 9.600 feet (minutes) 

Total weight (pounds) ... . 

Useful load 

Pounds per horsepower. . 

Area wings (square feet).. . 

Wing loading (pounds per 
square foot) 

Wing area per brake horse- 
power (square feet^ 

Span top plane 

Chord top plane 



Nieuport 

80 h.p. 
Le Rhone 

1 
2' 2 to 3 



0,000-7,000 



Aspect Ratio top plnnc 



Span bottom plane 

Chord bottom plane 

.\spect ratio bottom plane. 



24' 6" 

3'ir 

6.15 

23' 0" 
2' 4" 
9.9 



S.P.A.D. 
150 h.p. 
Hispano- 
Suiza 


Bleriot 

150 h.p. 

Hispano- 

Suica 


1 

• • 


1 


125 


125 


9,i26o 
3 
6 
lO.V^ 


9,200 
3 
6 
10^ 


460 


460 


185 


185 


1.23 


1.23 







Curtias 

triplane 

OXX-2 

100 h.p. 



2H to 3 
120 



56 
10,000 



1.218 

12.18 
143 

8.5 

1.43 
25' 30" 

all three planes 
2'0" 

all three planes 
12 5 

all three planes 



Data for More Powerful Pursuit Types 

So rapid is the development of the foreign military air- 
planes that it would seem as if the speed scout fitted with a 
rotary' engine of about 100 horsepower, is now being displaced 
by a more powerful type. 

It is interesting to note that in the S. P. A. D. and Bleriot 
types the climb does not apparently fall off with altitude, 
showing probably that the difficulties of maintaining the 
power of the engine at high altitudes have been successfuUy 
met. 

Trend of Design in the Pursuit Type 

Among the salient features of this type is the very small 
weight per horsepower, 12 pounds or thereabouts, as compared 
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with tlie 18 or 20 of the large reconnaissance type. There is 
a tendency to employ large aspect ratios — the small weight 
per horsepower and small wing surface permitting the chord 
to bf cut down considerably. Thus we find in the Nieuport 
aspei't ratios of 6.15 and 9.9; in the Curtiss triplane 12.5 on 
all the ))lanes. In the triplane the extraordinary aspect ratio 
of 12.5 is rendered possible by the distribution of the carry- 
inir surface among three planes instead of two. Stream-lining 
to th<- vprv limit is another feature. 

• 

Hithert<» Oerman constructors do not appear to have sought 
the ie<lui*tion of liead resistance to any great extent, but the 
new Albatross shows a beautiful body, struts reduced to a 
minimum, and the stream-lining carried to the extent of a 
hemisj)hcrical nose-piece over the propeller boss. In the Nieu- 
port scout the V-strut svstein srives both lisrhtness of construe- 
tion and aerodynamic efTiciency. The wonderful improvement 
of the Turtiss triplane with no larger power, as compared with 
its predecessor, tlie " Baby" scout, is due in part to the large 
aspect ratio which counterbalances the inefficiency of the tri- 
plane. hut more to the clever A" strut construction with the two 
tubular struts stream-lined in, and the stream-lined chassis 
construction. Such valuable yet simple ideas in the design of 
this type are well worth attention. 

German practice in every respect seems to be following 
French pnu-tice very closely for this type. Recent information 
at hand sliows that the small biplane, such as the Albatross 
just mentioned and the new Fokker biplane are being built in 
great numbei-s. The Fokker biplane has apparently super- 
sede<l the monojdane. 

Guns on the Pursuit Type 

However stable a machine may be, and even if it is equipped 
with a stabilizer or automatic pilot, it seems impossible that 
a pilot should at the same time be a gunner capable of firing 
in all directions. The light machine guns which are employed, 
are probably fired straight ahead towards the enemy machine 

which the pilot is approaching. They maj' be 

(1) fire<l throu«h the propeller, which is suitably protected 

for deflecting stray bullets. 
(2> fired through the propeller with a suitable synchroniz- 
ing mechanism as on the Fokker (see appended refer- 
ence). 
(.H) placed above tiie wing within reach of the pilot as on 
the Nieuport. 



Land Gun Carrvinj]; Machines 

For the land gun-carrying type of airplane the War De- 
partment nicmoranduni specifies: 

TAr.LK :;. 

Hor.s«'|>ov\ «-r l.'iO 

Type Tractor 

Number of nirn 2 

Military losul. pouiuis 500 

Fni'l l(>ad. pouiirls 42.1 

Mill's rndiiis of nvtU n. full po\v»'i- tMM* 

rilinl). foot in lO mlmin -^ :ileO 

Ill^h siU't-rl, miU's por hour 77 

]jtt\\ H\)Otu\. inflps p«T luMir 4.'» 

Factor of safetj- 7.0 

tNTri'nrnK*' ficm.-iiiil in war 4'^ 

If any criticism is to be ventured with regard to the memo- 
randum, it is on the score of too implicit faith in the all round 
twin-engined machine, and neglect of the importance of the 
gun-carrying machine of this type. Most of our information 
as to this type comes from the splendid descriptions of cap- 
tured German machines in UAerophile. The Germans have 
succeeded in providing this type with one or two machine 



guns, with a good range of fire and arrangements for throw- 
ing bombs, and yet with excellent performance. 

TABLE 4. 

Data kor German Two-Seatkr Gcx-Carrtiko Machixe 

fFrom VAirophiU). 



Nfarhin**. ..,..,, 


Uumplerl916 


Aviatik 1916 


L V. C. 1016 






Engine 


Merceiles 16.5 
horsepower 


Mercedes 170 
horsepower 


Mercedes 165- 




1 70 horsepower 


Maximum speed on grr>und. 
milefl Der hour 


92 


93 


95 






Minimum speed on ground, 
mile? Der hour 


, , 


49 5 






■ ■ 


:^pee<l at 1.000 meters, 
miles Der hour 




S4 


S7 






Speed at 2.000 meters, 
miles Der hour 


So 


82 


81 






Speeil at 3,000 meters, 
miles Der hour 


81.5 


82 








Climb, in feet per minute. . . 


3.200 in 10 
6.400 in 16 
9.600 in 29 


1.600 in 4'i i 
3,200 in 9" a 
6,400 in 214 
9.600 in 47 • is \ 


3.2.'K) in 12 
6.400 in 33 


Maximum altitude fully 
loadod. feet 


14.800 


11.200 


10.000 






Endurance, fiilly loaded, 
hours 


4 


4'2 


4^ 




Total weight, pounds 


2,7.S0 


2M0 


2.S40 


Net weight, pounds 


1.830 


1,860 


1.860 


Useful load, pounds 


950 


980 


980 


Percentage useful load 


34.2 '^i 


34.4*^0 


34.4% 


Militar>' load, pounds 


580 


550 


550 


Loading per brake horse- 
Dower. Dounds 


16.8 


16.7 


16 H 






Loading per square foot of 
wing area, pounds 


7.35 


6.6 


7.1 


Ch'erall length, feet 


25.2 




26 


Total wing area, square feet. 


378 


430.56 


400 


UoDer SDan. feet 


39.2 


40.66 


41 3 






Chord, feet 


5.4 


6.1 






■ • 


Lower soan. feet 


35.4 


35.4 


364 






Chord, feet 


5.4 


6.1 








Gap, feet 




6.3 






■ ■ 


Ailerons, stiuare feet 


27.S 




22 


Stabilizer area, square feet . . 


35.4 


35.2 


37.6 


Angle of stabilizer 


— 1.30' 


— r 


. . 


Elevator area, wiiiare feet. 


18.2 


12.07 


10.2 


Fixc<l vertical tin. square 
fwt 


4.S 


3.2 


5.:; 


Ku<Mi-r. smiare f»^*t 


7.25 


6.4 


6.4 



DihtMlral i»f win>r*. 



Anul(> <»f wina< to b«M!y. 

IXcahipr 

Stagut-r 

Swccpback 



N«»ne 



4.5= 



Noln" 

Noii<» 



Almost none 



Aim »<t non«- 



4.25' 
N« me 

N'«»np 



.Slight 



None 



.\rniariniit 



Pilot for- 

ward ma- 
chine gun 
firing 
through 
propeller. 

Paiv>enger in 
roar with cir- 
c\ilar gun- 
turret. Some 
of these ma- 
chine.** al*«.» 
carry a bonil 
dropping de- 
vice. 



In roar seat pilot 
has two bomb- 
throwers in front 
of him. Pa-^sengor 
in forward seat 
has two adjust- 
able gun supports. 
I>ermitting hin. 
to hre in alm«»st 
all tlirections. The 
propeller is pro- 
tected by a cir- 
cular plate. 



flight 



C< >m:>licated ar- 
rangement for 
throwing bombs 
which sometimes 
wcishs as much as 
25 i>outi«is. Two 
machine guns, one 
firing through the 
propeller, the 

other on n rotary 
turret in rear cock- 
pit. 



In Table 4 some useful data has been collected, and photo- 
g^phs of the Aviatik and L. V. G. shown herewith, are good 
examples of this type. Recent development in America has 
shown the necessity of standardized tests at various altitudes 
and it is interesting to note that figures are given for speeds on 
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the ground and at various standard altitudes; while maximum 
altitude, or " plafond," as the French term it, is also specified. 

These German machines, as regards climb, are on a par 
with the American unarmed reconnaissance machines. They 
appear to be much superior in maximum speed. Their per- 
centage of useful load is greater. By careful construction and 
j)robably with a lower factor of safety, they actually have a 
lower loading per brake-horsepower, even when carrying two 
machine guns, the ammunition required, and bombs and bomb- 
ing devices. This indicates how much room there still is for 
improvement in American machines as regards weight saving. 

They are short machines, with large stabilizing planes, but 
comparatively small control surfaces. Tlio wings are very 




Fig. 1. AviATiK Wing Section 

heavily cambered, as shown in Fig. 1, yet look as if they were 
efficient, and deserve careful study. They appear to be an 
improvement on the wing sections commonly employed. The 
wings also appear to be set at large angles to the body, so that 
the propeller axis is coincident with the line of flight at nor- 
mal angle of incidence, and at a small angle to the line of 
flight in climb. 

Their design is characterized by a robust lightness due to 
careful utilization of material throughout, and probably a uni- 
form factor of safety. 

The Mercedes engine so largely employed on German air- 
planes has the reputation of being extremely reliable and effi- 
cient, but is considerably heavier per brake-horsepower than 
American engines of about the same power, an important 
fact to be considered when the American designer sets out to 
equal the German machine. 

Twin-Engined Machines 

The memorandum prepared in the office of the officer in 
charge of the Aviation Section, Signal Corps, U. S. A., gives 
very interesting data on twin-engined seaplanes, reproduced 
in Table 5 herewith. It lays strong stress on the advantages 
of this type, partly on the ground that a thoroughly developed 
engine of over 200 horsepower had not yet been constructed; 
but since that time progress has been made and the 300 horse- 
power engine is becoming a practical possibility. Stress is 
laid on the versatility of the twin-engined machine. In a land 
twin-engined machine, with the engines supported on the 
wings, and a central body, it is suggested that the pilot with 
his controls could be placed in the rear cockpit in rear of the 
propellers; the observer with his machine gun, in the forward 
cockpit forward of the propellers ; and the bombs and gasoline 
between the pilot and observer, near the center of gravity of 
the complete system. With such an arrangement, the observer 
would have an ideal field for observation and for gun fire; 
with a stabilizer the pilot could fight the machine to the rear, 
and the machine would be an excellent fighting airplane as well 
as a bomber. By decreasing the bomb weight, the radius could 
be increased to a very long range. A third man could be in- 
stalled in between the front and rear cockpits by making slight 
alterations in the construction of the body. If the third man 
had charge of the controls, there would be an even better fight- 
ing machine. If neither bombs nor a third man were carried, 
the landing wheels could be replaced by two or three pontoons, 
giving a military seaplane. 



TABLE 5. 

Horsepower 260 

Type Pusher or tractor 

Number of men 2 

Military load, pounds .''•50 to 1100 

Fuel 1 )ad, pounds 600 to 1150 

Miles radius of action, full power 450 to 600 

Climb, feet in 10 minutes 3400 

High speed, miles per hour ^0 

Low speed, miles per hour 47 

Factor of safety 7.0 

Percentage made in war 4 

A further evident advantage of this type is that it could be 
flown with one engine out of commission. The propeller 
would not be required to take the great power of a 300 horse- 
power engine. Although the support of the engine on the 
wing presents considerable difficulties, yet this arrangement 
might react favorably on the weight of the wing structure 
by distributing the load, and therefore giving less bending 
moment to the inner wing panels. 

If a single engine of 250 or 300 horsepower were used, the 
same military and useful loads would be available. With a 
single body the parasite resistance would probably be dimin- 
ished. But the difficulties of constructing such a machine for 
fighting as well as bombing purposes would be very consid- 
erable. With the engine in front, it might be possible for the 
pilot to sit in the forward cockpit and shoot through the pro- 
peller, while in the rear the observer could operate a machine 
gun in all directions. If bombs and bombing apparatus were 
included in the single body, there would be an extremely diffi- 
cult construction problem. If the high-powered machine were 
made a pusher, the rear occupant would be under difficulties 
as a machine-gun operator. The other possible alternative 
would be to place the observer in a cockpit fonvard of the 
propeller — which would revolve round the body — the engine 
behind the propeller, then the pilot in the rear seat. None of 
these arrangements seem to have the straight forwardness and 
simplicity of the twin engined type. 

It would seem, therefore, that in spite of the development 
of a reliable 300 horsepower engine, the twin-engined machine 
would have much to recommend it. 

The following points may be disadvantages of the twin- 
engined machine, or merely problems which careful design can 

overcome : 

(1) There are difficulties In preliminary design. In the 
school machines, the armed and unarmed reconnaissance types, 
and in the speed scout, we have data to draw uiion from which 
loading i)or square foot of wing area, loading per brake-horse- 
power, useful load, etc., can. be at once fixed within certain 
limits. Here we have an entirely new problem. Theoretical 
considerations show that with increased span, the bending 
moment and other stress producing forces for geometrically 
similar machines vary as the cube of the span. The resistance 
of bracing wires would vary as the square of the span. The 
section modulus of the wing spars would vary as the span 
cubed. l)ut their area, resisting direct tension or compression 
would only vary as the .square of the span. Similar considera- 
tions would follow for other strength members. Even if we 
allow the structural weight advantiige of engines on the wings 
as previously mentioned, the conservative designer would still 
♦*xix»ct weights to go against him. If the twin seaplane that 
he is designing follows the same outlines of construction that 
he has been accustomed to in a siugle-engined type, he should 
allow for a slightly heavier loading per horseix)wer and a 
slightly smaller loading per square foot of wing area, i. e., a 
larger wing area than he *vould, in the light of past experience, 
expect to employ. Such a conservative outlook — well founded 
in the author's opinion, particularly for experimental machines 
— ^would lead again to less favorable estimates of performance, 
and avoid the ridiculously optimistic estimates for these large 
machines in the recent bids. It is interesting, In the light of 
these remarks, to study the performances submitted in these 
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bids for seaplanes. (Aviation and Aeronautical Engineek- 
iNG, December 1, 1916.) The Curtiss Company, with its past 
experience in the building of twin-engined machines (Twin 
JN), specified a climb of 2,(X)0 feet and a speed of 65 miles 
per hour» although probably equipped with two 200 horsepower 
engines. The Wright-Martin Corporation was so conservative 
as to specify no performance. A great many optimistic bids 
were submitted. The average climb sent in appears to be 
3,580 feet, the average maximum speed 77 miles per hour. One 
would be inclined to think that with present American methods 
of construction, a climb of 2,800 feet, and a maximum speed of 
about 68 miles per hour would be as much as could possibly 
be expected. 

(2) Control surfaces and stability furnish interesting prob- 
lems. The effect of placing the engines out on the wings is to 
increase the moment of inertia in roll, and it is very difficult 
to say what effect this will have on inherent lateral stability. 
It Is certain that the aileron area required will be somewhat 
greater than that in a machine where the engine is at the cen- 
ter of gravity and that the machine will be slow to respond 
to lateral controls. The moment of inertia in yaws will simi- 
larly be increased so that rudder and vertical fin surfaces may 
have to be larger proiK)rtionately than on the usual machine. 
These are points requiring the most careful attention in design. 

(3) Another problem in connection with the twin-engined 
machine is that of propeller slip from the two screws, both 
turning inwards. This symmetrical arrangement is prescribed 
by the Army specifications as avoiding torque and gyroscopic 
effects. The down stream from the propellers impinging on 
the stabilizer is said to increase the safety from the point of 
view of longitudinal balance, giving tail heavinoss with power. 



and nose heaviness without power. The exact effects are, how- 
ever, still open to experimentation. 

Space forbids a discussion of numerous other points which 
this type presents. The appended references will give the 
reader some information. The German twin-hydro reproduced 
in Aviation and Aeronautical Engineering. September 15. 
1916, is of particularly neat construction, the specification 
No. 1002 is almost a text-book on design, and the S. A. E. pa- 
per on twin-engined machines read by Lieut. Col. V. E. Clark. 
U. S. A., touches on a greater number of points than we are 
in a position to deal with. Anyone setting out to construct 
such a type would do well to devote considerable time to wind 
tunnel experimentation, computation of moments of inertia, 
etc. 



References for Part II, Chapter 2 

•' OUN-CARRYINQ TWO-SEATER MACHINES:' 

' Rumpler," L'A^rophile, Dorcinber. 1916. 

•Avlatik." L'AirophUe, October. 1916. 

• L. V. G.." L'Afrophile, Novemler. 1016. 

" Other Gercian Machines," L'Anophile, March. 1016. 

PROPELLER AND MACHINE GUN SYNCHRONIZING 

MACHINES. 

" Fokker Firing Mechanism." L'A^rophile, June, 1010. 

" Twin-Engined Machines." 

L'A6ropMle, July, 1916 (abstract in Aviation and Aeronautical 

Engineering, Sept. 15, 1916). 
"Some Problems in Airplane Construction" (S. A. E. Bulletin, 

December, 1916). 
"Army Aeronautical Specification No. 1002." 
" The Development of the Military Aeroplane," by F. W. Lanches- 

ter. Engineering, March 3, 1916. 



Chapter III 

Estimates of Weight Distribution 



Difficulties of the Subject 

Hardly any branch of practical airplane design offers such 
difficulties as the estimate of weights. A manufacturer who 
has built a number of machines and has kept careful weight 
schedules has valuable data in his possession, but is, as a rule, 
chary of making such data public. Even an experienced manu- 
facturer, however, may be at a loss when building an entirely 
new type, particularly if the new type is of a very different 
size from that to which he has been accustomed. 

Theoretical considerations apply only to a limited extent. 
Empirical formulas have ^>een suggested by several authorities, 
but are only partly satisfactory. The authors' thanks are due 
to manufacturers and others for such data as they have per- 
mission to publish. 

Weight Shedules for a Machine of the Unarmed Tractor 
Reconnaissance Type (Two Seater) More Than 

2500 Pounds in Weight 

I<\ill weight data can be published for one of the live ma- 
chines which have been examined in Part 2, Section 1 — the 
Standard H-3. The schedule for this machine is very com- 
plete, and is almost exactly in the form specified by the Avia- 
tion Section of the Signal Corps. 

TABLK I. 

Standard U-3, Hall-Scott A-5, 135 b.p. Maximum speed 84 m.p.li. 
Minimum spted 46 m.p.b. Climb 3400 ft. Total wing area, 532 sq. ft. 
Weigbt loaded, 2651.9 lb. (6 bours). Weigbt bare, 1908 lb. 

Body structure : 

Details : ^ ^ ,^ 

Longeron, forward upper rigbt 9.0 id. 

LfOngeron, rear upper rigbt 9.0 ' 

Longeron, forward upper left 9.0 ' 

Longeron, rear upper left 9.0 

Longeron, forward lower rigbt 9.0 

Longeron, rear lower rigbt 9.0 ** 

Longeron, forward lower left 9.0 '* 

Longeron, rear lower left 9.0 * 

Vertical posts, total 19.0 " 

Rudder post 12.8 " 

Horizontal posts, total 13.6 '* 

Engine beds (two) 19.0 " 

Engine bed, supporting posts 4.0 ** 

Engine plates, totel 19.0 " 

Radiator supports 27.6 *' 

Fittings, total 27.6 " 

Rivets, bolts, nuts, screws, total 7.1 " 

Wire and cable, total witb terminal clips and tbimbles, etc. 21.1 " 

Turnbuckles 10.0 " 

Floor of cockpits 18.0 ** 

Tail skids 6.0 " 

Body cover strips 7.0 " 

Front and rear seats and supports 81.5 '* 

Cowling and body cover 59.6 " 

Total 302.0 lb. 

rercentagp of total wcijjht. 11.4' r. 

Cbassis : 

Details * 

Wbeeis and tires, 2 at 26" x 5" 57.0 lb. 

Axles (1) 22.0 " 

Struts (2) 25.0 •; 

Axle braces ^8.5 

Axle mounting and guides 12.0 *' 

Rubber shock absorber 2.6 " 

Fittings 7.6 " 

Wiring and turnbuckles 2.6 " 

Fairing 1.6 ** 

Total 138.6 lb. 

Percentage of total weigbt, 5.2.39^. 



Details for upper wings : 

Front spar, total span 18' 5%" ; 18' 8%" length 26.5 

Rear spar, total span 18' 9W' ; 19' O'^lengtb 23.5 

Compression posts or solid ribs (7) 16.2 

Lightened ribs and straps (10 long, 7 short), total 18.4 

Entering edge, 4 pieces 8.0 

Trailing edge, 4 pieces 3.9 

Edge pieces and cross battens 6.5 

Fittings .- 1.3 

Wire, clips and turnbuckles 11.6 

Linen, undoped, and tape and tacks for taping 15.4 

Dope and varnish 6.6 

Flaps uncovered, total 20.0 

Flap hinges and hinge fittings, complete 1.1 

Flap covering, dope and varnish 1.2 

Unaccounted for 20.0 



lb. 
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Total 178.01b. 

Body wing section 16.5 lb. 



Details for lower wings : 

Front spar, total span 18' 5%" ; 18' 8%" length 25.0 

Rear spar, total span 18' 9W' ; 19' 0" length 23.0 

Compression posts or solid ribs (8) 18.5 

Lightened ribs and straps (7 short, 9 long) 19.5 

Entering edge, 4 pieces 8.0 

Trailing edge, 4 pieces 3.9 

Edge pieces and cross battens, hinge, block braces, ettr. . . . 5.5 

Fittings 1.3 

Wire, clips and turnbuckles 11.8 

Linen, undoped, and tape and tacks for tapin*: 16.9 

Dope and varnish 6.3 

Flaps uncovored, total 20.0 

Flap hinges and binge fittngs, complete 1.1 

Flap yokes and yoke fittings 3.8 

Flap coverings, dope and varnish 1,2 

Unaccounted for 25..S 



lb. 
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Total 190.0 lb. 



Weight 

Upper wings 178.0 lb. 

Body section 10.5 " 

Lower wings 190.0 " 

Total wing weigbt 384.5 lb. 

Percentage of total weight, 14.52%. 



Interplane struts, fittings, and wiring : 
Weight per square foot of wing area 

Percentage of total weight, 4.06%. 



Area 
262 sq. ft. 
18 ^ •• 
262 *' •• 



Weigbt 
per sq. ft. 
.680 lb. 
.920 " 
.720 " 



107.6 lb. 
. .203 • 



Tail surfaces : 

Weight 
Vertical fin complete, covered 

and varnished 3.0 lb. 

Vertical rudder 9.0 ** 

Fixed borizontel tail 20.3 " 

Elevators 21.0 " 



Area 

6 sq. ft. 
10 ^* " 
82 ** " 
23 " •• 



Weight 
per sq. ft. 

.6001b. 
.900 " 
.635 " 
.916 " 



Total 63.3 lb. 

Percentage of total, 2.0%. 

Control system : 

Combined Curtiss and Dep. control, with 

Control operators in rear cockpit only 

Control wires, wiring and switches 4.4 " 



26.2 lb. 



Total 30.6 lb. 

Percentage of total weight, 1.16%. 



Gasoline and oil : 

Gasoline for 6 hours, 
Oil for 6 hours 



Total 

Percentage of total, 16.2%. 



396.00 lb. 
33.6 " 

429.60 lb. 



Tanks : 



Tanks and connections and supports (68 gallons fuel) . . . 78.6 lb. 
Percentage of total, 2.96%. 
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Engine group : 

Radiator, complete and con- 
nections without water . . 40.0 lb. 

Engine, complete without 
propeller, radiator or any 
water, any oil, long ex- 
haust tube or self-starter.558.5 *• 

Water for radiator piping 
and jaclsets (30 lb. car- 
ried in radiator alone) . . . 93.8 " 

Propeller complete and bolts 27.5 " 

Long exhaust pipe 13.0 '* 



Weight of radiator 

per hp 34 lb. 

En^ne weight per 

hp 4.15 •• 



Water weight per 

hp 095 •• 

Propeller weight per 

hp 202 " 



Total 738.8 1b. 

Percentage of total weight, 27.779c. 

Passenger and equipment : 

Pilot 

Passenger 



Total 

Percentage of total, 12.57c. 

Equipment : 

Instruments and instrument board, and accessories com- 
piled for rear coclcpit 

Same for front coclcpit 

Side pockets, both sides 

Camshaft oiler 

Spealcing tube 

Pyrene and brackets complete 

Oil pressure line and sight oil 

Tool kit and case complete 



1G5.0 lb. 
105.0 •* 

330.0 lb. 



22.7 lb. 


9.2 




3.0 




4.1 




2.8 




0.7 




2.8 




7.3 





Total 

I'ercentage of total weight, 2.20%. 



68.0 lb. 



Summary of Weight Distribution for Standard H-3 

Percentage of 

Group Weight Useful Load 

Body assembly and equipment 370.5 1b. 13.007c 

Chassis 138.5 " 5.237c 

Wing group 384.5 *' 14.527c 

Interplane bracing 107.6 *' 4.067r 

Tail surfaces 53.3 " 2.007c 

Control system 30.6 " 1.157c 

Gasoline and oil 429.5 " 16.207c 

Gasoline taaks and piping 78.5 " 2.957c 

Engine group 738.8*' 27.707o 

Passengers and equipment 330.0 '* 12.50% 

Totals 2051.9 lb. 100.007c 

The Standard figures are fairly representative for this type 
of machine. 



Percentage Table for Machines About 2500 Pounds 

In Table 2 are given figures compiled by Dr. J. C. Hunsaker 
for a number of typical machines. The percentage values seem 
to hold very closely for machines of the large tractor type. 

TABLE 2 

Useful load : Per cent 

Personnel and equipment 13.1 

Gasoline and oil, 6 hours 19.8 

Engine weight : 

Tanks and pipes 3.3 

Engine and accessories 17.9 

Radiator (empty) 2.2 

Cooling water 1.7 

Propeller and hub 1.0 

Structural weights : 

Body 8.2 

Landing carriage 8.2 

Directive surfaces 4.1 

Wings 10.5 

Wing bracing 4.0 

Total useful load 32.9 

•* engine weight 26.1 

•* structural weight 41.0 

100 



Weight Distribution for a Typical School Machine 

Figures can be published for the Curtiss JN-4. Data was 
given in Section 1 for the JN-4B, but the difference between 
the two types is very slight. 

Curtiss JN-4. ox 90 hp engine. Maximum speed 75 mpb. Mini- 
mum speed 43 mph. Climbing speed 3000 ft. In 10 mln. Total wing 
area, including wing flaps, 367.0 sq. ft Weight loaded, 1902.35 lb. 
Weight bare, 1281.5 lb. 4.4 hours fuel. 

Part : Weight 

Body assembly 290.00 lb. 

Tall skid with rubber elastic cord (3 ft.) 2.75 " 

Cushions 3.50 " 

Total 296.25 lb. 

Percentage of total load, 15.50%. 



Chassis : 

Details : 

Landing gear braces with fittings 28.5 lb. 

Axle .:.. 7 15.75 " 

2 Aluminum bearings for shoclc absorbers and straps. . . . 2.00 '* 

2 Rubber shoclc absorbers (elastic cord 37 ft.) 3.50 " 

2 Wheels 26" x 3" tire and 1%" hub 27.00 " 



Total chassis group 76.75 lb 

Percentage of total weight, 4.03%. 

Wing group : 

Weight 



Part 
Upper wings without flaps or 

fittings 120.00 lb. 

Upper center section without 

fittings 13.00 " 

Lower wings without fittings. 112.00 " 
2 wing fiaps with fittings 24.50 " 



Area 
172.2 sq. ft. 



152.2 " •• 

40.8 •' " 



Weight per 
sq. ft. of 
surface 



.772 lb. 



.736 •* 
.600 ** 



Total for wing group. . . 209.50 lb. 
Percentage of total weight, 14.15%. 

Wing bracing and fittings : 
Details : 

Part 

Upper wing fittings, 8 strut fittings, 4 fittings to center 
section 

Lower wing fittings, 8 strut fittings, 4 fittings to body . . . 

2 Wing slcids 

4 Outer section struts (length of staggered struts = 61"). 

4 Intermediate .section struts 

4 Drift wires to nose from upper and lower planes 

Flying landing and outer strut wires (not including cen- 
ter section ) 

4 Aileron wires with fittings 

4 Short uprights for bracing overhang 

Center section struts 

Center section brace wire 



Total 

Percentage of total load, 4.957c. 

Tail surfaces : 

Weight 
Vertical tail fin and fittings. 14.00 1b. 

Rudder and fittings 10.00 ** 

F'i.xed horizontal tail with 

hinge fittings only 14.00 ** 

2 Elevator flaps with wires 

and posts 14.50 '* 



Weight 

10.50 lb. 

9.50 *• 

2.25 •♦ 

13.50 " 

17.50 " 

3.00 •• 

24.00 ** 
5.00 " 
1.00 *' 
4.50 ** 
3.50 " 

94.25 lb. 



Area 
2.5 sq. ft. 
10.2 " " 

22.7 '• •' 

17.5 " •• 



Weight 
per sq. ft. 

of area 
0.62 lb. 
1.02 '• 

0.62 " 

0.83 " 



Total 52.50 1b. 

Percentage of total, 2.76%. 

Control system : 

Steering post, rudder wheels with rudder wires 

fittings 

4 Elevator wires 



and 



Total 

Percentage of total weight, .83%. 

Gasoline and oil : 

4.4 hours 

Percentage of total load, 13.2u%. 



12.25 lb. 
3.50 '• 

15.75 lb. 



252 lb. 



Tanks 



Weight 

Gasoline tank with capacity of 37 gall 28.1 lb. 

Percentage of total weight, 1.53%. 



Engine group : 

Propeller and hub 34.75 lb. 

Engine and accessories 
(including 2 hot air 
stoves, 3.75 lb., top of 
engine plates and side 
plate, 20.15 lb.) 363.75 " 

Radiator 55.75 " 

Water 39.00 " 

1 Water pipe and fit- 
tings 3.00 •* 



Weight per hp, 



Weight per hp. 
Weight per hp. 
Weight per hp, 



Weight of 
tank per 
gallon 
.70 lb. 



.386 lb. 



4.050 " 
0.620 •• 
0.430 " 



Total 496.25 lb. 

Percentage of total weight. 26.10%. 

Passengers : 

Pilot 

Passenger 



Total 

Percentage of total weight, 16.95%. 



156 lb. 
165 " 

321 Ih 



Summary of Weight Distribution for JN-4-B 



Weight 

Body assembly and equipment 296.25 lb. 

Chassis 076.76 '* 

Wings 269.50 ** 

Interplane bracing 094.25 " 

Tall surfaces 052.60 " 

Control system 016.75 " 

Gasoline and oil 262.00 " 

Gasoline tank and piping 028.10 " 

Engine group 496.25 " 

Passengers 821.00 ** 

Totals 1902.85 lb. 



Percentage of 

total load 

16.60% 

4.03 " 

14.16 " 

04.95 " 
02.76 " 
00.83 " 
18.20" • 
01.58 " 
26.10 *• 

16.96 " 



100.00% 
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Empirical Formulae and Values for Weight EstimateB 

Some empirical forniutae and values are ^ven here. Such 
empirical formulas can never he entirely truBtworthy, since so 
much depends on the type of machine to be constructed, the 
type of eonatruction to be employed for any particular part 
of the machine, and the factor of safety desired. Much 
greater reliance is to be placed on direct comparisons from 
actual machines and on actual computations from drawings. 
Still, they may serve a useful purpose in the preliminary 
stages of design, when a rapid estimate is needed. 

(1) Body 

Bare rectangular wooden longeron body, with fabric cover- 
ing for small monoplane and biplane scouts about 1200 lb. 
total weight, 70 lb. is a good average figure. For large biplanes 
about 2500 lb. total weiglit, 150 lb. is a liberal allowance. 

(2) Seating 

About 10-12 lb. per person is sufficient. 

(3) Single control system 30 lb. 
Double control system 50 lb. 

(4) Landing Gear 

A landing gear of about '/„ the loaded weight of the machine 
can be easily designed. 

(5) Tail skid 

Is roughly '/„th the weight of the landing gear. 

(6) Main plane weights {surface alone) 

A fair average figure is 0.75 lb. per square foot of wing 
area, although wing weights will vary with size of machine, 
section employed, aspect ratio, strut spacing and numerous 
other features in design. 

(7) Weight of control surface 

Control surfaces with fittings and hinges may, with careful 
design, not exceed 0.5 or 0.6 lb, per square foot. 
. (8) Tanks 

About 0.75 lb. to 1.00 lb. per gallon. 

(9) Engine weights, fuel consumption 

Full values for these are available and will be given in a 
subsequent section. 

(10) Engine mounting 

One-eighth of the engine weight for a rotary type and one- 
twelfth the engine weight for a fixed type engine. 

(11) Propellers 

A good rule is weight = 2.5Vl'p. 

(12) Radiators 

For radiators, manufacturers' figures will be given later, and 
empirical formulas are not necessary. 

(13) Passengers 

Some 10 lb. should be added for aviation dress. 

(14) Miscellaneous 

An allowance of 10 lb. is sufiicient for instruments, such as 
compass, altimeters, etc. Fire extinguisher, 8 lb. Tool kit, 5 
Ih. Firat-aid kit, 5 lb. 
(16) 

In a subsequent section we shall deal with weights of such 
parts of the machine as cables, wires, turn-buckles, fabrics, 
dopes, wheels, etc., etc. 

Some Genera! Considerations on Distribution oi 
Weight and Useful Load 

F, W. Lanchester has approached the question of weight 
distribution for various sizes of machines in a very interesting 
article. The subject ofFers many difficulties, and the following 
notes, mainly based on Mr. Lanchester's article, are merely an 
introduction. 

When estimating the structural weight of a new machine 



from data available on one constructed, certain theoretical con- 
siderations are available. 

Simple and reasonable assumptions in dealing with the main 
planes are that the wing section remains geometrically similar, 
and the velocity constant. On such a basis from ordinary con- 
siderations of aerodynumica, the span must vary as the square 
root of the gross weight, and conversely the loading on the 
wing will vary as the square of the span. The direct forces 
of tension and compression on the spars will vary directly as 
the loading and square of the span, but the cross -sectional 
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Fig. 1. 

areas of the spars will also vary as the square of the span; 
geometrically similar wings will, therefore, be equally strong 
as regards direct forces. The bending moments will vary as 
the gross weight or loading multiplied hy the span, i.e. as the 
cube of the span. But the resisting moment of the spars will 
vary as the section modulus or cube of the linear dimensions; 
geometrically similar wings will, tlierefore, be equally strong 
as regards bending moments. It follows that with constant 
velocities geometrically similar wings will be equally strong 
for both direct and bending stresses. From the weight of 
aerofoil point of view, the position is unfavorable, since the 
weight will vary as the cube of the linear dimensions or cube 
of the span. 

It follows that the weight of the wings will vary as TFV 
where W is the gross weight. 

In the interplane bracing, the wires, which only take direct 
stresses, will be equally strong when geometric similarity is 
maintained. For the struts just as for the spars, the same 
will apply. Therefore, the interplane bracing will also vary 
as IF* A 

For the body it is possible to make the somewhat more 
favorable assumption that its weight ia directly proportional 
to the gross weight. With increase in span, it is hy no means 
necessary to increase the arm of the tail surfaces proportion- 
ately, while the resbting moment of a body cross-section varies 
as the depth squared and the breadth. Current practice also 
seems to bear out the above assumption. It might even prove 
to be true that on large machines a slight saving on weight of 
body would be possible. 

The shock of landing to he taken up by the chassis depends, 
for the same landing speed, on the gross weight. 

If a chassis for a lai^e machine were geometrically similar 
to that of a smaller machine, it would probably show greater 
strength iu the stmts, and equal strength in the shock absorber. 
The question is very complex. Mr. Lanchester insists on the 
analogy of the greater relative diameter of the legs of such a 
large animal as an elephant as compared with the legs of a 
flamingo. But with very big landing gear so much becomes 
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possible in the way of shock absorption that keeping the weight 
of the chassis a constant proportion of the gross weight seems 
feasible. 

For the power installation, no general discussion seems 
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its ordinates represent the gross weight, just as the abscissae 
for the same point represent the gross weight. In accordance 
with the above considerations, the total structural weight is 
taken as a constant proportion of the gross weight, namely, 
25 per cent. The power installation weight is taken as 25 per 
cent, as previously mentioned. The weight of aerofoil curve, 
varying as TFV, is obtained from present-day English prac- 
tice in biplane construction, with a factor of safety of 6 — 
somewhat lower than American practice. The military load is 
lcei)t at 500 lb. in one case, at 150 lb. in the other, and the 
remainder is allotted to the supply of petrol. 

The above remarks, the distribution of weights, and these 
two curves arc open to criticism. However, thej' are the con- 
clusions of a most eminent authority, and may serve as a use- 
ful guide in the preliminary design of a machine, particularly 
as regards possible endurance, which can nt once be derived 
from the petrol capacity. They also give an idea of the lim- 
itations of the airplane. Thus the curves of Fig. 1 show the 
lowest possible weight level, with a big load of 500 lb., and if 
extended to greater gross weights would show where, with in- 
creased size, the petrol capacity begins to diminish. Fig. 2 
would be particularly useful in considering the possibilities of 
a speed scout with a single passenger. 
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possible, and Mr. Lanchester has assumed this to be 25 per 
cent of the gross weight in the graphs of Fig. 1 and Fig. 2. 

The construction of these is easily followed. The bounding 
Htie of these cun^s is drawn at 45° to the Case line, so that 
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Chapter IV 

Engine and Radiator Data 



General Kequireiiieiits of Aeronautical Engines 

The raaiu ie(iuiremeuts ot* an airplane engine are light 
weight, low fuel and oil consumption, reliability, accessibility, 
and a form suitable for installation in an airplane. The 
general form, apart from its weight, is important because of 
the question of mounting in the body, and the problem of 
engine cooling and body stream-lining. Selecting an engine 
for an airplane means unfortunately buying the engine most 
nearly suitable which is purchasable at the moment, and 
the choice is none too great. Nevertheless it is part of a 
designers training to consider the comparative merits of 
every engine available, mainly with reference to the above 
points. 

As regards reliability, no rules can be laid down. Satis- 
factory tests in Government or college laboratories are good 
guides. The reputation which an engine has earned among 
pilots under the more trying conditions of actual Hying is 
even more important. Accessibility depends not only on 
the design of the engine itself, but on its careful mounting 
in the body. Fuel and oil consumption, weight and suitability 
of form are best studied by the compilation of such a table 
as Table 1. Such a table will require constant revision. 

In considering weights of two engines of like power but ol 
different type, such as a stationary air-cooled and a water- 
cooled engine, or a rotary air-cooled engine and a stationary 
water-cooled engine, radiator and cooling water should not 
be neglected. In dealing w^ith rotary engines, fuel and oil 
consumption tend to make comparisons with stationary engines 
less favorable to the former type than is at first apparent. 
Particularly is this the case when a flight of more than 2\'2 
or 3 hours duration is contemplated. The extra weight ol 
gasoline and oil to be carried for the rotary may actually make 
it the heavier engine at the beginning of a fairly long flight. 

The form of an engine, from the points of view of mount- 
ing and i)ro.jected area, are best studied from drawings 
appearing in technical magazines and makers' catalogs. The 
dimensions given in the table sers'e as a preliminary guide in 
narrowing down selection. 

For a general study of tlie subject of aeronautical engines 
reference is appended to one or two excellent books — in 
which, however, no information as to recent developments i.« 
available. 

The question of revolutions per minute apart from the 
question of power and efficiency in the engine itself has an 
important bearing on propeller design. Wooden propellers 
of large diameter seem to reach their maximum permissible 
safe speed at about 1300 r.p.m. Beyond this figure, it is 
hard to keep stresses down. Questions of direct drive and 
geared -dow^n drives must be considered from this point of 
Wew. 



Acknowledgment is made to Lieutenant H. C. Child, and 
to Mr. Tjee S. Wallace for valuable data. 

Weights for Radiators and Cooling Water 

The following are good preliminarj- figures for design in 
accordance with general data : 

Bare radiator. 55 lb. i)cr bhp. 

Water in radiator 13 lb. per bhp. 

The Ajax radiator emi)loyed in conjunction with a 130-hp. 
Hall-Scott engine weighs 45 lb. bare and carries 30 lb. of 
water. On a school Curtiss of the JN type with n 90 hp. 
Curtiss engine, the figures for a Rome-Tumey radiator are 

Weight of empty radiator 58V^ lb. 

Weight of water contents 24% lb. 

Thickness of core 2% in. 

Active front area - . . . . 400 sq. in. 

Total radiating surface 15,360 sq. in. 

For the Livingston Radiator, the following information is 
available : 

"For a 120 h.p. engine, from 16,000 to 18,000 sq. in. of 
radiator surface is required. Each square inch of projected 
area of 4 in. section contains 50 sq. in. of cooling surface. 
A 5 in. section contains 60 sq. in., and a 3 in. section contains 
40 sq. in. Therefore, a radiator for a 125 h.p. engine will have 
between 320 sq. in. (2.2 sq. ft.) and 360 sq. in. (2.5 sq. ft.) 
projected area of 4 in. section. A radiator for such an engine 
contains approximately 4 gallons of water. Of this, 1 gallon 
is contained in the cells, the other 3 gallons in the headers. 
The headers should be of such proportions that the lower has 
about two-thirds the capacity of the upper." 

Practical Rules for Cooling Surface for Radiator 

of Honeycomb Type 

From Dr. Hunsaker's experiments at the Massachu- 
setts Institute of Technology, and certain theoretical con- 
siderations, a surface of .83 sq. ft. per bhp. has been found 
necessary for the honeycomb type. C. Sage recommends 
1.08 sq. ft. per bhp. for an airplane of an average speed 
of 60 m.p.h., and presumably a minimum speed of 45 m.p.h. 
An allowance of 1 sq. ft. per bhp. seems very fair for 
machines of medium speed. In fast machines of the pursuit 
type, it would be possible to go considerably below this figure; 
even if a fast machine makes a prolonged climb, it will never 
do so at its slowest speed. Dr. Hunsaker has shown that an 
empirical formula may be established of this type: 

C X bhp. 



a = 



V 



where a = area of cooling surface, C is some constant and V 
is the speed in miles per hour. A designer, who has satis- 
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Maker 
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factory data on a iiiacliine of a certain speed, can employ 
this rule for nuu'hines of a different speed. 

Position and Resistance of a Radiator 

Tests at the Massachusetts Institute of Technology show 
that the resistance of a radiator may be represented by the 
equation 

where B = resistance in pounds 

A = area of radiator face in square feet 
V = speed in miles per hour. 

and A%= .00175 

While these tests were conducted on very small sections, the 
results are safely applicable to full-size radiators. 

Figures on the resistance of a given section of radiator in 
a current of air do not by any means settle the problem of 
the best position for the radiator. Manufacturers have 
placed radiators in various positions, claiming minimum re- 
sistance for each position. If a radiator is placed behind the 
propeller where the slip stream increases the velocity by 
some 25 per cent, the cooling surface may be decreased ))y 
25 per cent with a consequent reduction of resistance pro- 
ducing area, but since the resistance varies as the square of 
the velocity, there is finally an increase of 25 per cent. These 
or similar considerations have led designers to place radiators 
imderneath the wings. But it is forgotten that when a radiator 
is placed underneath the wings, it is no longer a shelter for 
the body. There is also the question of extra length of piping. 
For radiators placed at the sides, Dr. Hunsaker's opinion is 
that a more generous allowance is necessary. Dr. Zahm's skin 
friction formula is of the form R = OMOOldSl^ V'' h. 
as we saw in Part 1, Section 3, Aviation and Aeronautical 
as w^e saw in Part 1, Chapter 3, where I is the length of sur- 
face parallel to the wdnd. Owing to the greater length of 
side radiators in the direction of motion, they are therefore 
probably less effective. 

The authors' opinion is that the best and most natural posi- 
tion of the radiator is behind the propeller, but the question 
is hardly capable of a decision so far. 

Practical Construction of Radiators 

C. Sage, engineer of the Rome-Turney Radiator Company. 

has submitted the following authoritative views: 

"As to the construction of radiators, we may say that the 
simpler the outline the more durable will be the radiator — ^and 
the cheaper. The cooling section of honeycomb radiators 
ought to have outlines composed entirely of straight lines — 



curves in the honeycomb are exi)ensive and are weak points 
for the reason that all honeycomb cooling sections are at the 
start made of rectangular blocks and then sawed to shape on 
a band saw like a board. The sa wed-off waterways have then 
to be patched up again with solder and their ends are naturally 
not as strong as l)efore. Then this section has to be fitted to 
the case and the more curves there are the more difficult 
and costly the fitting will l)e. Concerning the case of the 
radiator the same principle holds good — the simpler the design 
the better and cheaper the product. All curved surfaces are 
costly if they have to be produced by hand work and pressed 
cases must be made in large quantities in order to pay for the 
necessary punches and dies and it takes a long time until 
production can be started on them. 

'• As for water connections between engine to radiator and 
l)ump to radiator, it is very important that they be large 
enough to convey the large bulk of w^ater with the least possible 
l)ressure. If the connections are too small a considerable 
vacuum will be set up in the suction line from the radiator to 
the pump and consequently air will be drawn into this line 
at all leaky points, prominent among these being the stufhug 
box and the grease cups of the pump. This air will be mixed 
with the water forming a milky liquid like charged water. 
increasing its volume, and consequently a considerable loss 
ilirough the vent pipe will take place. 

* As to support of a radiator, the most satisfactory method 
is the use of a cradle or cross piece at the front of the body, 
in the case of a tractor, on which the radiator is placed and 
fastened by studs in the bottom tank. In the case of pushers, 
many different susi^ension methods are used, none of which 
can be called standard, and the same is true for side radiators." 

An excellent point made by the manufacturers of the Ajax 
radiator is the reinforcement of the fins rear and front by 
soldering on 1/16 in. wires. Dividing a radiator into two 
parts by a small % in. deep water tank to permit settling of 
tlie water, is another good point in this type. 

As a general rule, the sub-division of a radiator into a 
number of sections is advantageous. In the present ill-defined 
position of radiator design, it is an advantage to be able to 
increase or diminish the radiator surface of a sriven machine. 



References for Part 11, Chapter 4 

• tSurface Cooling and Skin Friction,*" by F. W. Lancbester. Britiah 
Utiwrts, No. 04, 1912-1913. 

*• Notes on Radiator Design,"' by J. C. Hunsaker, Aerial Age, May 29. 
lOlG. 

'• AoronaiUical Engines."* by Francis J. Ivcan, 191G. 

*• Aero Engines."" by G. A. Burl?. 

•' Entwerfen von leichten Benzinmotoren.** by O. Winkler. 

• Report on Aeronautical Engines." by Charles E. Locke. First An- 
>iual Report of the yntiotial Advisoj-if Vommittte for Ai-ronautictt. 



Chapter V 

Materials in Airplane Construction 



Within the limits of one chapter it is impossible to treat 
adequately all the data on materials required for airplane 
construction. The data included here will be sufficient for the 
purpose of our design, however, and a number of refer- 
ences are appended. For practical work, the designer must 
procure all necessary handbooks, make tests of his own special 
fittings, and generally collect his own data. 

Special Utility of Wood in Airplane Construction 

It is the remarkable strength for its weight which makes 
wood so useful in airplane construction. If we compare spruce, 
weight per cubic foot 26 lb., tensile strength 9000 lb., with 
fnild steel weighing 490 lb. per cubic foot with a tensile 



strength of 60,000 lb., the spruce will be 



9000 ><:go^ 2.9 



60,000 " " 26 
times as strong for the same weight. 

The selection, mechanical properties and correct structural 
employment of timber are, however, inexhaustible subjects, 
and the following notes are the barest summary of the factors 
the designer must have in mind. 

Weight of Wood 

The weight of wood varies greatly for the same species and 
for portions of the same tree. Sapwood is heavier than heart- 
wood, sununerwood than springwood. Green timber naturally 
weighs more than dry timber, due to the presence of sap and 
moisture. The ultimate wood fiber of all species has a specific 
gravity of 1.6, so that no wood would float in water were it 
not for the buoyancy of the air present in the cells and walls. 

TABLE 1 
Specific Gravity and Weights of Woods 



Drv woods 
Aflh, American white. 

Balsa 

Boxwood 

Cherry 

Chestnut 

Cork 

Elm.. 

Ebony 

Hemlock 

Hickory 

Lignum- vitB 

Mahogany. Spanish . . 
Mahogany, Honduras. 

Maple 

Oak, live 

Oak, white 

Oak, red 

Pine, white 

Pine, yellow 

Pine, southern 

Sycamore 

Spruce 

Walnut 



Wt. 



per cu. ft. lb. 
38. 

6.5 
60. 
42. 
41. 
15. 
35. 
76.1 
25. 
53. 
83. 
53. 
35. 
49. 
59.3 
48. 
40. 
25. 
34.3 
45. 
37. 
25. 
.38. 



Specific gravity 

.610 

.104 

.960 

.672 

.660 

.250 

.560 
1.220 

.400 

.850 
1.330 

.850 

.560 

.790 
950 
770 

.640 

•400 

.550 

.720 

.590 

.400 

.610 



The weight of wood is experimentally determined by sub- 
jecting thin discs to an oven temperature of 100° Cent, until 
they cease to lose weight by evaporation of moisture. But 
even with this provision, the results will be extremely variable, 



and the value usually assigned to a given species is simply the 
average of a large number of tests. Table 1, taken from a 
Bulletin of the Forestry Division, United States Department 
of Agriculture, will give values sufficiently accurate for design. 
Wviight is a good indication of the strength of wood, pro- 
vided the amount of moisture contained is known. As a gen- 
eral rule, we may say that a comparison of two woods, each 
containing the same percentage of moisture, will show the 
heavier to be the stronger; in fact, the strength will be very 
nearly proportional to the weight. 

Factors in the Mechanical Properties of Woods 

The strength properties of wood depend on (1) correct 
identification of species and variety; (2) age and rate of 
growth; (3) position of test specimens in the tree; (4) mois- 
ture content; (5) relative freedom from defects, such as 
knots, etc. 

Tensile Strengtli 

Tensile tests are difficult because tests cannot be devised that 
do not involve either shear along the grain or compression 
across the grain. It is for the same reasons that wood may 
be unsuitable in tension, though it is apparently strong under 
such a stress. 

Failure in tension along the grain involves principally the 
resistance offered by the wood elements to being torn apart 
transversely or obliquely. The strands of wood elements are 
practically never pulled apart by failure of the union between 
adjacent strands or fibers. 

Cross grain is prejudicial to tensile strength and rays, ow- 
ing to their transverse position with respect to a load applied 
along the grain, and small resistance to tension in a direction 
normal to the direction of their fibers greatly weaken the 
timber. Knots weaken wood subjected to longitudinal tension. 

Compressive Strength 

Individual fibers act as so many hollow columns bound 
firmly together, and failure involves either buckling or bend- 
ing of the individual fibers or bundles of elements which 
finally come to act almost independently. 

Compressive strength depends on a number of factors: (1) 
<lensity; (2) strength of union between individual fibers as 
affected by moisture content; (3) stiffness of wood fibers 
(again largely a matter of moisture content) ; (4) continuity 
of the course of longitudinal strands in a direction parallel 
to axis of the piece. Woods in which separate elements are 
closely interlaced and bound together will be stronger than 
woods of opposite character. 

The strongest woods in compression with the grain are, 
roughly, in the following classes : 
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(1) The dense and tough hickory, birch, hard maple, etc.; 
(2) oak, elm, ash; (3) spruce, pine and fir. 

Crushing Across the Grain 

Crushing strength across the grain is dependent practically 
entirely upon the density of the wood. Crushing strength 
across the grain is, therefore, least for the lightest, most porous 
woods, and greatest for heaviest and densest woods. 

Compressive strength across the grain is to compressive 
strength along the grain as 13 to 14 per cent for white pine, 
cedar, cypress and spruce, 15 to 16 per cent for the various 
grades of hard pine, 18 to 26 per cent for elms, 21 to 26 per 
cent for ash, 22 to 26 per cent for oaks, 23 to 31 per cent for 
hickories. 

Strength in Bending 

In considering the strength of a wooden beam in bending, 

several difficulties occur. Longitudinal shear is very important. 

A wing spar may be amply strong in bending, and yet if 

highly channeled out fail by longitudinal shear. The tensile 

fiber strength of wood is much in excess of the compressive 

stress, but even if the compressive fiber stress of wood is em- 

M. 
ployed in the formula / =-r^, it is no true criterion. If this 

formula is employed for strength computations in bending, it 
is assumed that the material is still behaving elastically up to 
actual failure, and therefore that the fiber stress is still di- 
rectly proportional to the distance of the fiber from the neutral 
axis. As a matter of fact, the elastic limit of the material 
may have long been passed when the breaking load is reached, 
the neutral axis may have shifted, and the extreme fiber may 
be no longer proportional to the bending. Therefore, in stress 
calculations for wing spars, these considerations should be 
applied, making use of the modulus of rupture — for which 
values are given in Table 2 — deduced from actual bending 
tests, which are far more trustworthy guides. 

Knots 

Knots originate in the timber cut from the stem or branches 
of a tree because of the encasement of a limb, either living or 
dead, by the successive animal layers of wood. Most limbs 
originate at the pith of the stem, and the knots found deep 
in a log are therefore small, increasing in size toward the bark. 
So long as the limb is growing, its layers of wood are a con- 
tinuation of those of the stem. But a majority of the limbs 
die after a time, and if a portion of a dead limb is subse- 
quently encased by the growing stem, there will be no intimate 
connection between the new stem wood and the dead wood of 
the limb, and a board so cut as to intercept this portion of the 
log will contain a loose knot. A board cut from the log at 
such a depth that the limb is intercepted at a point where it 
was encased while still living will contain a sound knot, unless 
the knot has rotted, become badly checked, or contains a large 
pith cavity. 

A sound knot is usually harder than the surrounding wood, 
and in coniferous woods is apt to be very resinous. On this 
account it may constitute a defect because of its non-retentiv- 
ity of paint or varnish. Otherwise it constitutes a defect only 
on account of the disturbance to the grain and difficulty caused 
in working, or in the event of its occurrence on the under side 
of a timber used as a beam, a weak point exists, owing to its 
small resistance to tensile stress. A knot constitutes an im- 



pediment to the splitting of timber, since the fibers of the stem 
wood above a limb bend aside and pass around the limb, while 
the fibers below run continuously into the limb. Thus it often 
happens that a cleft started above a limb will never run into 
a knot, but one started below is very apt to do so. 

The Effect of Moisture on Strength of Wood 

Loss of moisture does not affect the strength of wood in 
any way, until the total moisture content has been reduced 
below the critical percentage, which represents the fiber-sat- 
uration period. Beyond this point, progressive loss of mois- 
ture affects the strength very considerably. Thus the strength 
of green wood is only 50 to 60 per cent of normal air-dry 
conditions (12 per cent moisture), while the strength of kiln- 
dry wood exceeds the strength of air-dry woods by some 60 
to 70 per cent. 

Time Factor in Tests of Timber 

Timber differs from most other materials in that small 
variations in the rate of application of load have a more 
pronounced effect upon the strength and stiffness shown by 
a specimen under test. If a timber-compression block or 
beam is loaded rapidly, it will appear to have a higher elastic 
limit and ultimate strength, and will also appear to be stiffer, 
than it will if loaded less rapidly. This is due to the fact 
that the deformation lags far behind the load, and if any 
load is permitted to remain upon a specimen for a time the 
deformation increases, the amount of increase becoming greater 
for heavier loads. Actual failure appears to be consequent 
upon the attainment of a certain limiting amount of deforma- 
tion or strain, rather than a limiting load or stress. 

Di£Bcultie8 of Wood Construction in Airplanes 

The comparative values of Table 2 demand the most care- 
ful study. A certain type of timber may be most suitable 
for the direct stress to which it is subjected, yet fail completely 
under certain indirect stresses, either inherent in the construc- 
tion or due to faulty design.^ For example, at the hinging 
of a wing spar to the body, if the bolts are not correctly 
placed, they may shear out the wood. These points will be 
considered in detail in the design, but enough has been said 
to show the value of studying not only the direct stresses on 
a piece of timber in a machine, but also the indirect stresses 
producing crushing across the grain, shear, etc. 

Strength Values for Timber 

In no material are such conflicting values given by various 
authorities as for timber. The size of the specimen under test, 
the dryness, the method of applying the load, and its previous 
history, all tend to introduce discrepancies. Until the Bureau 
of Standards, or some other testing laboratory, has gone thor- 
oughly into the question, all the values employed by airplane 
constructors will be open to suspicion. Table 2 is a summary 
of information taken from various sources. This table is not 
unimpeachable, but it approximates closely values used in 
current practice. In airplane design, fiber stress is still taken 
as a criterion, without due consideration of the modulus of 
rupture. 

Acknowledgement is due Prof. W. H. Keith for collabora- 
tion on brief notes on timber. 
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Strength and Weights for Wire and Cables 

TABLE 3 

RoiBLlHO Solid Wibk 

Diunetar Brtuldna itrenfth Approiinute v 



1/14 

E/6B 






Wires and Cables 

The following terms are in common use: (1) " Solid wire 
stay" or "aviation wire" of one wire of suitable diameter; 
(2) " strand stay," consisting of either 7 or 14 wires stranded 
together and known to the trade as "aviation strand"; (3) 
" cord " or " rope stay," eonsistii^ of 7 strands twisted to- 
gether, forming a rope, tlie strands being either 7 wires or 19 
wires; (4) " flejtible cord," composed of six strands of seven 
wires, with a center of either cotton or wire, as ordered. The 
cord with the cotton center is coiisiderably more pliable than 
that with the wire center. 

Vanadinm steels and other special steels have not as yet 
become established as desirable wire steels, and carefully made 
high-grade carbon steel is at present most largely employed in 
the manufacture of wires and cables. 

Properties of Metals 

Only the briefest outline can be given of the metals that arc 
commonly employed in airplane construction. To enter into 
any adequate discussion of this branch of the work would 
require a book in itself. The constructor must keep constantly 
before him some standard book on this subject and at the aame 
time resort to strength of material and part tests whenever 
new combinations are to be employed in his design. 

The following table of weight and melting points for various 
metals may be of service ; 



5/32 
7/32 



26.45 
I 7 Cotton Centib 



5/12 (is I 
1/8 19 X 
3/32 (12 I 



2,600 

1.800 



The figui 
table will a 



!s given abo\e have been revised, and the followii^ 
ipplement the previous values. 

ROEBLIHO TlHHED ATHCIUrT WlBE 



All 



LleUl. 



Brus. rolled 

DunlumiD..!!!! 
Gold. 24 ™™t.... 
Iron, cut 

Mernity SO 'Fall 
MoDcl meuil.... 



Ureaking 

uS. 'lb. 
12.500 



1. per 100 fl. 

13^50 
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RoBBLXNO 6x7 (Cotton Center) Galvantxed Aircraft Cord 

Approximate 

weight, 

lb. per 100 ft. 

15.00 

9.50 

7.43 

5.30 

4.20 

2.20 

1.50 

1.30 

.83 

.73 



Approximate 

weight, 

lb. per 100 ft 

16 70 

10.50 

8.30 

5.80 

4.67 

2.45 

1.75 

1.45 

.93 

.81 



Diameter 


Breaking 


of cord. 


strength of 


m. 


cord, lb. 


5/16 


7.900 


1/4 


5,000 


7/32 


4.000 


3/16 


2,750 


5/32 


2,200 


1/8 


1.150 


7/64 


830 


3/32 


780 


6/64 


480 


1/16 


400 


RoBBLiNO 7x7 (Wire Center) Galv 


Diameter 


Breaking 


oloord, 
in. 


strength of 
cord, lb. 


6/16 


9.200 


1/4 


5,800 


7/32 


4,600 


3/16 


3.200 


5/32 


2.600 


1/8 


1,350 


7/64 


970 


3/32 


920 


0/64 


550 


1/16 


4S5 




RoBBLiNO 7 X 19 Tinned A 


Diamet«r 


Breaking 


of oord, 
in. 


strength of 
cord, lb. 


»/8 


14,400 


11/32 


12,500 


6/16 


9,800 


9/32 


8.000 


1/4 


7,000 


7/32 


5,600 


3/16 


4,200 


6/32 


2,800 


1/8 


2.000 



Aircraft Cord 



Material. 


Diameter. 


Strength of material. 


Wire 


3/16 


5,500 


Strand 


3/16 


4,600 


7 by 19 oord 


3/16 


4,200 



Approximate 

weight, 

lb. per 100 ft. 

26.45 

22.53 

17.71 

14.56 

12.00 

9.50 

6.47 

4.44 

2.88 



Wire, Strand or Cord 

Roeblingf's report does not settle the question as to which is a 
correct selection. A comparative table shows the progressive 
decrease in strength. 

Strength of stay 
5,100 
4.100 
3,500 

A stranded or cord stay has about 20 per cent more aero- 
dynamical resistance than a solid wire of about the same 
diameter. There appears to be a slight advantage in favor of 
solid wire as regards strength of stay. On the other hand, the 
strand stay is one and a third times more elastic, the cord one 
and three-quarter times more elastic than the solid wire. In 
American practice all three types of stays appear. No doubt 
the use of strand or cord is justified by the extra elastic stretch 
and flexibility. 

Exact data on the fatigue values of the three materials is 
not available, but it is well known that strand or cord will 
stand up much better to vibration than a wire. Also in a 
continuous beam structure such as that of a wing, there may 
be deflections of unknown magnitude, in which case the more 
elastic cable will be somewhat safer. On the other hand an 
exposed cable is liable to damage. A single small wire of one 
strand may be damaged and lead to the eventual destruction 
of the whole cable. In the covered in body a cable is not likely 
to be damaged. The problem is by no means settled yet, and 
only comparative experience in actual flight and further experi- 
mentation can give a deflnite solution. 

Tumbuckles 

The breaking strength of turnbuckles made of precisely the 
same material will vary enormously with every type of con- 
struction, and the makers' catalog or data sheet has to be con- 
sulted for every special case. In Figs. 1 and 2 are shown two 
representative types, the Curtiss and the National, Burgess, 
Meyer, Binet types. The weights and strength values are 
fairly representative of what can be obtained from this impor- 



tant brand of airplane material. In Table 4 are given results 
of tests on some specimens of the Standard Screw Co. of 
Pennsylvania : 

TABLE 4 



Manufacturer 
number. 
326 
327 
328 
329 
330 



Standard Screw Co. Turnbuckles 

Mean break- Mean break- Initial shank Woicht in lb 

ing load. ing load from test, area per bu. in. Lon2,bMTd male 

2,150 2,432 .01864 .122 

2,850 3,496 .0260 .167 

3.500 4,605 .0350 .232 

5,000 6.545 .0515 .275 

840 9,530 .0794 .411 



Mean tensile strength of shank, 128.610 lb. per s<«. in. 
cent, nickel steel, heat treated; barrel, robin bronie. 
short and long male and female ends. 



Material— shank, 3H pw 
Tumbuckles are madefn 



Strength of Steel — Pounds per Sq. Inch 

Tension Compression Shearing 

Ultimate Ultimate Ultimate 

yield point. yield point. sdeld point. 

0.05% C for rivets 45.000 22,000 70.000 40,000 45,000 22.000 

0.10% CboUer plate... 55,000 30.000 95,000 65,000 50.000 28.000 

0.25 %C structural.... 65.000 34,000 110,000 85,000 55,000 32.000 

0.40% C rails 70.000 45.000 120.000 90.000 60.000 35.000 

0.90 %C machinery... 90.000 70,000* 140,000 110,000* 70,000 «45.000 

1.00 to 2.00% tool 150.000 nooe 200,000 none 120,000 noiM 

•When weU annealed. 

Modulus of elasticity. 
Direct Shearing 

0.05% C 26,000,000 13,000,000 

0.10% C 28,000,000 13,500,000 

0.25% C 30,000,000 14,000,000 

0.40% C 30,000,000 14,000,000 

0.90% C 32,000.000 14,500,000 When well annealed. 

1.00 to 2.00% C 35.000.000 16,000,000 When hardened. 

Modulus of Rupture 

For flat plates 1.0 (t. s.) 

For squares 1.2 (t. s.) 

For high rectangles 1.5 (t. s.) 

For rounds and diamonds 1.8 (t. s.) 



Strength of Steel Castings — Well Annealed — 



Small Castings 



Compression 

Ultimate yield point 

80,000 45.000 



Shearing 
Ultimate yield point 
45,000 25.000 

29,000.000 

13.000.000 



Tension 
Ultimate yield point 
60,000 30,000 
Modulus of elasticity (direct) . . . 

Modulus of elasticity (shearing) 

Modulus of rupture in same ratios as above. 



Lak(;k Castings 

Tension Compression Shearing 

Ultimate yield point Ultimate yield point Ultimate yield point 

40.000 20.000 70,000 40,000 40.000 20.000 

Modulus of elasticity (direct) 28.000.000 

Modulus of elasticity (shearing) 13,000.000 

Modulus of rupture in same ratios as above. 

Steel Castings with Vanadium show about 20 per cent increase over the above 
values. 



Special Steel Alloys — Pounds per Square Inch 

Tensile strength. Yield point 

Manganese Up to 140,000 up to 90.00() 

Nickel " 140,000 " 90,000 

Chrome Vanadium " 200,000 " 175.000 

Chrome Nickel " 140,000 " 100,000 

Tungsten " 170,000 '* 150,000 

Chrome Tungsten " 185,000 " 160,000 



Strength of Copper, Aluminum and Various Alloys — 

Pounds per Square Inch 

Cast CoprKR 

Tension 22.000 

Compression 45,000 

Shearing 18,000 

Modulus of elasticity (direct) 12,000.000 

Modulus of elasticity (shearing) 8.000.000 

Modulus of rupture (rectangular sections) 35,0(X> 

Cold Rolled or Hammerkd Plates 

Tension 32.000 

Compression 60.000 

Shearing 28.000 

Cold Drawn Wirk 

Tension 50,000 to 60.000 

Shearing 40,000 

Modulus of elasticity of cold worked copper 17,000,000. Copper has no w<ell 
defined >ield point. 
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Cast Aluminum 

Tension 14,000 

CompreasioQ 25.000 

Shearing 10,000 

Cold Worked Aluminum Plate and Wire 

Tension 24,000 (Plate) 

Tension 40,000 (Wire) 

Modulus of elasticity (direct) 8,000,000 

Aluminum has no well defined ^ield point. 

Duralumin 

Tension, 33.000; Compression. 68,000; Modulus elasticity, 10,000,000. 

High brass Tension 35.000 

Low brass " 28,000 

Composition " 30.000 

Bronse " 30.000 to 75.000 varying with composition. 

Phosphor bronze " 40,000 to 130.0(X), varymg with form. 

Tobin bronse " 80,000, yield point 50,000 hot roUed. 

Tobin bronse " 100,000, yield point, 70,000 cold roUed. 

I>elta metal " 45.000 Cast. Tension, 70,000 cold rolled. 

Manganese bronse. . . " 70,000 Ibs./sq. in. 

Compression. 120.000 Ibs./sg. in. 
Monel metal (hot rolled) Tension (ultimate) 88.150 Ibs./sq. in. 

(yield. 58.000 Ibs./sq. in. 

elongation in 2 inch. 38 per cent. 

The steel at present in common use among manufacturers 
is the mild sheet steel generally designated as cold rolled steel 
(C.R.S.). Whether its easy working qualities or its cheap- 
ness and easy supply has brought about this poor choice, is 
hard to judge. It is a relief to find that the constructors and 
the Government are endeavoring to do away with this most 
unreliable and inefficient of materials. Instances have only 
too often been brought to our attention when upon the com- 
pletion of some small stamped fitting, the apparently solid 
metal is found to be of two distinct layers of thinner metal 
held together only at a few points. It is not well, however, 
to jump too quickly to the other extreme and attempt to use 
the very high strength alloys — requiring expert working and 
heat treatment. Companies to-day are, with a few exceptions, 
not in a position to undertake this added responsibility and 
the forcing of such delicate work upon inexperienced hands 
would be as dangerous as the present methods. 

The following table outlines the general influence of chemical 
composition of the physical properties of steel : 

t i S. . 2 2| ;; 8 ^ 

2e >.sS 28 tit a"?! S 
i U III I 1^ It Igl I 

i I i 1 1 I 11 II III I 

Carbon (i) -f _ + (2) + (12) + — _ 

Phosphorus.... (13) ... (3) ... (4) — — 

Manganese.... + — ... H- ... ... (5) ... 

Sulphur — — 

Silicon (6) (7) 

Aluminum (8) — 

Vanadium -f 4- (9; + + 

Chromium -j- -f ••. + 4- -r 

Molybdenum. . -j- 4- 

Tungsten 4- + ••• 4- 

Nickel + + (9) + + -r .... 

Copper (10) 

Oxygen -r (11) 

IN itrogen ... ... ... ... ... ~x~ ... ... ... ... 

(1) + up to 1 per cent., then — ; (2) + up to 0.85 per cent.; (3) up to 0.1 
per cent., then — ; (4) + over 0.1 per cent.; (5) + up to 0.5 per cent.; (6) — 
above 1.5 per cent.; (7) — over 6 per cent.; (8) — over 0.85 per cent.; (9) — 
slightly; (10) — over 1 per cent.; (11) — from 2 to 7 per cent.; (12) 4- up to 
0.3 per cent., then — ; (13) + up to 0.1 per cent., then — . 

The above table, while very comprehensive, should not be 
considered as final. 

The matter of weldability of the chrome vanadium and 
nickel steel is indefinite, very reliable information showing 
that 3Vi per cent, nickel steels give better welds than the chro- 
mium steel. 

The S.A.E. Specification No. 3130 for a low carbon chrome- 
nickel steel, or Specification No. 2330 for SYo nickel steel 
would seem to meet the requirements of the manufacturers as 
well as the Army Specifications of the S.A.E. No. 6130 



Diameter, inches. 


Strength in 


Pounds 


"d." 


Single Shear. 


Double SI 


1/8 


1.000 


1.600 


3/16 


i.eoo 


3.000 


1/4 


2,760 


4.500 


5/16 


3,900 


7.000 


3/8 


5.000 


9.800 


1/2 


9.000 


17.800 


3/4 


20,000 


40.000 


1 


35.500 


71.000 



chrome-vanadium, eliminating at the same time, the 
danger of segregation due to faulty heat-treatment. 

Heat treatment and its influence cannot be gone into; it 
requires very careful study and infinite care in application. 

Strength and Weight of Mild Steel Rivets and Pins 



Cniihiog ••• L 
1,200 
1300 
2.400 
2.800 
3.600 
4)800 
7.200 
9.600 



The above values are based upon a shearing strength in 
pounds per square inch fs = 45,000 and a crushing strength, 
/e = 96,000. 

P, = /, — — for single shear. 

Pc = fcdxt, for crushing, where *, the thickness of the plate 
or other piece held by the rivet or pin. 

The values for crushing have been worked out for a plate 
1 inch thick, therefore the crushing strength for various thick- 
nesses of plate may be computed by multiplying the above 
values by '^ t " in inches. 

K the crushing strength of the rivet is greater than its 
shearing strength the design should be based upon the 
smaller result. 

In case the bolt is subjected to a load other than tension, 
the strength should be based upon the corresponding form of 
loading. When bolts and pins are used in tumbuckle fittings 
and wire connections they arc usually subjected to a foim 
of bending and should be calculated as a beam round cross 
section loaded at the center. 

f = ^—^, where / = modulus of rupture, M = bending mo- 
ment due to load generally considered concentrated at the 
center, T = distance from neutral axis to most strained fiber, 
in this case y2 D; I = moment of inertia of cross section. 

In figuring bolts that pierce wooded members the failure of 
the wood should be considered first, since in this type of con- 
nection rupture is most often caused by the fastening pulling 
out or loosening due to the wood crushing in front of the 

P = /e X ^ X ^- Where P = crushing load, fe = crushing 
strength of wood, L = length of bolt in wood, D = normal 
bolt diameter. 

United States Standard Bolts and Nuts 



2 
•3 



B 
o . 

1/4 
5/16 
3/8 
7/16 
1/2 
9/16 
5/8 
3/4 
7/8 
1 

1-1/8 
1-1/4 
1-3/8 
1-1/2 
1-5/8 
1-3/4 
1-7/8 






«c fa 

0.185 
0.240 
0.294 
0.345 
0.400 
0.454 
0.507 
0.620 
0.731 
0.837 
0.940 
1.065 
1.160 
1.284 
1.383 
1.431 
1.616 



u 

la 

0.049 
0.077 
O.llO 
0.150 
0.196 
0.249 
0.307 
0.442 
0.601 
0.785 
0.994 



227 
485 
767 
.074 
405 
761 



o c 

O CD 

. • ^ 

w5 

0.027 
0.045 
0.068 
0.093 
0.126 
0.161 
0.202 
0.302 
0.420 
0.550 
0.694 
0.891 
1 057 
1.295 
1.515 
1.746 
2.051 



m 

a 

H 

20 
18 
16 
14 
13 
12 
11 
10 

9 

8 

7 

7 

6 

6 

5-1/2 

5 

5 



M C 

«•— 

JS . 

03 
=3c5- 

w m 

u 

OT3 
JS G 
C/3 (« 

1/4 
19/32 
11/16 
2,5/32 
7/8 
31/32 
1- 1/16 
1- 1/4 
1- 7/16 

1- 5/8 
1-13/16 
2 

2- 3/16 
2- 3/8 
2- 9/16 
2- 3/4 
2-15/16 



o 

bi 

u • 

.2 a 

hi 

< o c 

0.578 
0.686 
0.794 
0.902 
1.010 
1.119 
1.227 
1.443 
1.661 
1.878 
2.093 
2.310 
2.527 
2.743 
2.959 
3.176 
3.393 



§2 

0.707 
0.840 
0.972 
1.105 
1.237 
1.371 
1.503 
1.768 
2.033 
2.298 
2.564 
2.828 
3.094 
3.358 
3.624 
3.889 
4.156 



Note: — Depth of nut 
Depth of bead 



nominal diameter. 

one-half short diam. of hex. and sq. nuts. 
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The strength of United States standard bolts may be based 
upon the formula P = ^ X /^ Where P = the strength of 
the bolt, ft = tensile fiber stress per square inch = 65,000, 
A = effective area at root of thread. Solving for D the nom- 



inal diameter 



D = 1.24 Jf- 



+ .088. 



(5) 
(6) 

(7) 



Airplane Fabrics 

The general requirements and tests for airplane fabrics are 
well sununarized by the following table: 

(1) Fabric should present reasonabljr great resistance to flame. 

(2) It should be proof against the action of salt water, moist air, extreme dryness 
quick changes of temperature. 

It should not stretch in any direction. 

It should have a tensile strength of at least 75 lb. per inch width in any, 
direction. 

The tendency to tear and split because of tacks, bullets, etc.. should be 
almost nU. 

The weight should be taken in an atmosphere of 65 per cent relative hu- 
midity at 70*> Fahr. 

The weight, jram number and tensile strength of the fabric should be ob- 
tained when it is in a bone dry condition, i. e. after it has been subjected to 
a temperature of 221^ Fsiir. for two hours. 

Identity and average length of fibers should be ascertained. 

Determination should be made of the percental^ moisture "regain" under 
the available range of temperature and humidity. 
(10) A shrinkage determination should be made. 

Some Representative Specifications, Strength and 

Weight Figures 

In Table 4 are given some representative specifications which 
represent the average values of current practice. 

Table 5. 

Specifications Weight Threads Threads Strength Strength 

per per per per inch per inch 

square inch inch width width 

yard warp weft (warp) weft 

ounces lb. (lb.) 

CurtiflsNo. 66 4 96 100 91 102 

Oct. 26. 1916 

R. A. F. No. 17-C 4 92 95 92 95 

U. aArmy No. l(X)2..3.75-4.4 94 100 75 ,85 

(minimum) 

MoBratneytests 4 95 99 — 108 

ClarcKQoe whitman 

(cotton) 4 275 threads per sq. in. 87 96 

Messrs. Lamb, Finlay and Co. have kindly communicated 
the average values of tests extending over a number of ship- 
ments, in accordance with British Government specifications: 

**Three pieces are cut from the length and three pieces from the width of the 
goods. Tnese samples must be long enough to leave 6 in. clear between the grips 
and sufiScientiy wide to leave the test pieces 2 in. wide after trimming. The test 
pieces are soaked in water for two hours. They are then taken out and the excess 
water is removed and the goods put in an Avery machine, the load being applied at 
the rate of 50 lb. per inch width per minute." 

This method of testing, while apparently arbitrary, is con- 
venient and avoids errors due to humidity changes, and is 
preferable to a test on dry material. 

In the National Advisory Report the following figures are 
given for fabrics of difft j ent weights : 

Weight in ozs. Strength 

per sq. yd. Warp Filler 

1 3.67 65.0 54.4 

II 3.78 69.5 49.2 

III 3.87 80.7 79.0 

IV 4.04 86.9 74.0 

V 4.09 90.2 82.7 

VI 4.48 82.9 100.1 

VII 4.60 95.0 60.0 

VIII 4.86 90.4 102.6 



Table 6. 

Approximate breaking strength 
Quality Width per inch. 

inches. Warp. Weft. Weight per iq. 3rd. 

A24 36 72 1b. 78 1b. 4.00 os. 

A29 36 90.5 " 101.9 " 4.00 " 

A31 36 108.5 " 94.6 " 4.00 " 

A33 36 114.7 " 103.6 '* 4.00 " 

•A37 36 112 " 115.6 " 4.12 " 

•A40 36 129.4 " 123.4 " 3.75 *' 

♦British Government Standard qualities. 

Wing Dope and Varnish 

The following notes on dope and varnish may be of interest 
to the manufacturer: 

Dope alone on Irish linen surfaces has proven very satis- 
factory. Four to five coats, allowing about one-half hour for 
drying between each coat are ample protection for the most 
severe conditions. Very rigorous tests on samples exposed 
to the weather during the month of February resulted in no 
ill effects, the cloth remaining tight, glossy and without spots, 
cracks or tears. The weight of the covering is increased about 
.66 oz. per square yard per coat, with an application of ap- 
proximately one gallon to ten square yards. 

Varnish finish is reconunended in many cases as more 
permanent and, being less effected by salt water, has some ad- 
vantages on water machines. When repairing is to be done 
it is first necessary to remove the varnish before the patch is 
applied with dope, as a glue, causing some inconvenience. 

Doped surfaces have about 8 per cent to 10 per cent more 
strength and more resistance to tearing. It is necessary to 
redope all surfaces every three to five months. 

Cotton and silk fabrics have a tendency to rot when covered 
with dope or varnish and such surfaces are not recommended. 
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Chapter VI 

Worst Dynamic Loads; Factors of Safety 



One of the most difficult problems in aeronautics is the 
eetimate of the worst loads likely to come on under unusual 
circumstances, on which alone correct allowances for factors 
of safety can be based. In speaking of factors of safety, a 
distinction must be made between the load factor of safety and 
the gross factor of safety. Thus, if the load factor of safety 




Conditions Under Whicli Heavy Loads Come 

lleavy loads come on an airplane under so many conditions, 
that the following classification is probably incomplete. It is, 
however, all that is possible in the present stage of tbe art. 

[A) In the air: 

(1) in flattening out of a steep dive 

(2) in heavy banking 

(3) in looping 

(4) in sudden gusts. 

(B) On the ground: 
(1) on landing 

We shall consider these conditions one by one as far as 



Tbe wing structure will meet with the greatest loads in the 
air. On landing, the wing structure has to meet only the shock 
resulting from the deeceleration of its own weight which may 
be some 12-15 per cent of the weight of tbe machine, while in 
tbe air, it has to support the whole weight of the airplane and 
under certain conditions five or six times tbe whole weight. 
It is in the air, therefore, that tbe wings meet the worst condi- 
tions. Tbe body may carry severe stresses in tbe air when 
powerful forces come into play on tbe rudder and elevator, 
but it may also be powerfully stressed on landing. For 
chassis design, it is only landing and taxi-ing stresses that need 
be considered. 

(1) Flitlening Oat After a Steep Dive 

The exact mathematical computation of stresses in such a 
case is not yet possible; it is, however, interesting to see how 
such stresses arise, and how they are limited. 

In order to have a concrete case, we will consider the Clark 
model tested at the Massaehusetts Institute of Technology, and 
described in Hunsaker's " Dynamical Stability." This had tb« 
following estimated characteristics: 



Wing area Incladlog ailerons 464 sq. (t. 

Span .. . . .^ 40.2 ft meat 



, atalilUzcr. . 



.1(1.0 H 



Length, liod; H.D ft. 

Weight (tanks halt full) 1000 lb. 

■ 5.2 ft. Id toll 
Radii of gyration i 4.US ft In pitch 

U.a75 ft. in stew 



Best glide 1 to S 

For a tail setting of — 5 deg. to the wings, the model 
(l/26th full size) had the following forces acting on it at a 
speed of 30 m.p.h., which we shall use without correction twr 
transferring to the full size machine: 



Pio.l 

for a certain part of the machine is four, the material 
employed may be so untrustworthy that an allowance for it, 
of say one and a half, may have to be made, bringing up the 
gross factor of safety to sis. It is the gross factor of safety 
which is commonly spoken of as tbe factor of safety. 



.Inglo 



-t-l 
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30 m 



Drift OD model at 
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In the U. S. Army Specifications 1002 (reprinted in Avia- 
tion AND Aeronautical Engineering of November 1, 1916), 
one of the stipulations for airworthiness is that the pilot may 
be required to dive at an angle of 50 deg. to the horizontal, 
to maintain such a dive for one or two seconds, and then to 
pull out reasonably quickly. We will assume that the dive is 
continued for even a longer period so that the limiting 
velocity is reached, and then try to see what will happen on 
flattening out sharply. 

The propeller thmst on the dive may be n^lected whether 
the engine is cut off or not, the slip being so enormous as to 
reduce it to a negligible quantity. 

Considering the sketch of Fig. 1, the equations of motion 
evidently are 

D= WBin« 
L= W COS 6 

The most straightforward way of finding at what inddence 
to the fl^ht path the machine is under steady limiting condi- 
tions, is one of trial and error. After one or two trials, we 
find that the angle of incidence, 2^ deg. will satisfy condi- 

The drag on the model at this angle is 0.111 lb., and the lift 
0.094 lb. at 30 m.p.h. The two equations are very nearly 
satisfied. Thns converting to full size conditions : 

(1) W sin 50 d^. = (1600) (0.7660) = 0.1235 = 

0111 V 26" 
' 3^ 7* and l" = 14,850, K = 123 m.p.h. 

(2) W COB 50 d%. = (1660) (0.06428) = 1030 while 
"'"y^ X **-^*^ = Lift = 1040 lb. 

the difference of 10 lb. in the lift being n^ligible. 

If, at this point, the pilot throws his elevator bard up, be 
will increase his angle of incidence rapidly, and move bis path 
more and more to the horizontal. The rapidity with which be 
can come out of the dive depends on the force which he can 
bring to bear on the elevator, and is resisted by the inertia of 
the machine, and the damping against angular rotation. There 
is reason to believe that during this process be loses very little 
speed. The equations of motion during this process are some- 
what complicated and cannot be solved directly. But if we 
assume that for a machine of this type, the pilot can change 
his angle of incidence to say 8 deg. without losing speed, the 
lift on the model at this speed being 1.305, the hft on the 
machine becomes 

i^X 26' X 122- = 14,400 lb. 

or a load of nine times the weight of the machine. It is 
commonly accepted that the actual load is not quite so great, 
being between 5 and 6. The pilot could not easily wreck a 
machine with moderately strong controls, and weights dis- 
tributed far from the center of gravity giving a large moment 
of inertia. But with a light machine, with weights close to the 
center of gravity and a powerful elevator, a reckless recovery 
would be highly dangerous. 

It should be pointed out that the uncertainty as to the exact 
movements a machine goes through on flattening out, makes 
the question of the angles of incidence at which loads on front 
and rear spars should be distributed and computed a very con- 
troversial one. The latest U. S. Army specifications call for a 
stress diagram at 15 d^., which throws the greater load on 
the front spar. If, as is quite possible, a machine flattening 
out after a steep dive does not reach such a high angle of 
incidence, but arrives at some intermediate angle such as the 
8 d^. mentioned above, then it would be fairer to draw a 



stress diagram at this angle of incidence, with a more equal 
distribution between the two spars. 

(2) Loadini in Hear? Banking 

The loading on a steep bank is dependent on the speed, 
radius of turn, and angle of bank. 

In the sketch, Fig. 2, the machine is moving out of the plane 
of the paper and turning at an angle of bank 6. The three 
forces acting in the vertical plane of the machine are the lift, 
the weight and the centrifugal force, which may be asBomed 
as acting at the center of gravity of the machine. Resolving L 
along the lines of these two forces, we have as equations of 
equilibrium 

_W V 

L cos fl = ^M AF* cos 8 = TF 
where V = speed in feet per second, and B = radius in feet. 
From these equations, one important fact appears, that on a 




steep bank where cos is small, the lift of normal flight is 
insuflicient, and that before banking a pilot must increase his 
]>ower and speed, otherwise bis machine may drop on the 

The load on the machine in banking will increase with the 
centrifugal force to be overcome in addition to the weight, and 
is, therefore, greatest when the velocity has increased beyond 
the maximum in normal flight and when the radius of turn is 
very small. 

For the Clark model previously considered, we will assume 
that the machine has attained a speed of 120 m.p.h. or 176 
ft. per second, after a dive and that the pilot goes into a sharp 
turn of 400 feet radius. 

From the equations of equilibrium we have 
W F^ 

g R _yl _ 30 500 
W gR 32.2X400 

= 67 deg. and sec = 2.569, which is certainly a fairly 
steep angle of bank. Since i cos 9, £, = sec W = 2.559 W. 

It is possible to consider a ease where the velocity would be 
still greater than the 120 miles per hour, and the radius still 
smaller, in which case the loading might still be heavier. It 
does not seem probable, however, that the worst possible 
loading on a bank would exceed 3 or 4 W. 

Tlie angle of incidence on a bank interests us again from 
the point of center of pressure and distribution of i 



tan S = 



1U4 
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between tliu Iwo spars. Considering the Clark model of the 
previous paragraph, IF = 1600 and L = 2^9 W ^ 4100 = 
£, X 464 X120" 

4100 
from which K, = 4^4 -^ 14400 = 0.000615 

and the angle of incidence is not much above deg. for the 
Clark machine on such a bank. 

(3) Loading in Looping 

In looping similar methods wonld be employed as in con- 
sidering flattening out after a dive. The probable maximum 
loading is estimated to be 4. 

(4) StreeseB Dne to Gusts 

Another cause of violent stresses is in tbe action of sudden 
gusts on a machine, where the inertia tends to maintain the 
same speed for a different angle of incidence, or the same 
incidence for a different speed. 

The machine may encounter: 

(a) a bead-on gust 

(b) a following gust 

(c) an up-gust 

(d) a down-gust. 

Uranted a sufBciently violent gust, there is no possible limit 
to the stresses which may come on a machine in such cases, 
and a hurricane might wreck a machine for whatever factor 
of safety it was designed. It is necessary to investigate, how- 
ever, whether the gusts, as we may expect to occur in ordinary 
practice from our metereological data, are well within safe 

(a) Head-on Gusts 
Im^^e the Clark machine to be moving at 59 m.p.b. at 
an angle of incidence 2 deg. against a head-on wind of 20 
m.p.h. so that its absolute velocity relative to the eartb is 
39 m.p.h. If tbe head-on wind increases to 30 m.p.h., the 
absolute velocity relative to the earth will still remain at 39 
miles for a second or two. During this period, the velocity 
to the air will increase to 69 miles per hour, with the angle 
of incidence unchanged. Tbe Uft on tbe machine will, there- 
fore, be momentarily increased in tbe ratio of -^ ^ 1.36. 




(c) Up-giuli; <d) Down-gaals 



elevator 



Without going into numerical examples, we can see easily 
from Fig. 3, the effect of an up-gust in increasing the load. 
The up-gust both increases the velocity of the relative wind and 
its angle of incidence, with a corre- 
sponding increase in lift, except at 
very high angles where a reverse effect 
is possible. For a down-gust the con- 
verse would hold true. 

With noniial living weather, the ef- 
fect of gust should never increase tbe 
load to more than two or three times 
the weight of the machine. 

Limiting Velocity for a Sheer 
Vertical Dive 

X sheer vertical dive is unlikely to 
occur an<l is not required for stress 
calculations in practice, but it is inter- 
esting to note the extreme limiting 
velocity in such a case. A sheer ver- 
tical dive is only possible if the ma- 
chine is at the angle to the vertical 
which gives no lift, and the elevator is 
set only at such an angle that the 
moiuent of the total drag about the 
cei'.ler of gravity is neutralized. 

For the machine in question the 
angle of no lift is — 3 deg. 

The drag on the model at this angle 

0.118 lb. To find the limiting veloc- 




ity, 






Fig. 4 



. 0.118 = 26" ^ 



from which V = 134 m.p.h., which is not so very much greater 
than the limiting speed on the 50 deg. drive. 

Worst LoaJs on Landing 

The computation of such loads is connected with ohassia 
design, and we shall deal more fully with it later. Some calcu- 
lations taken from " Notes on Aeroplane Shock Absorbers of 
Rubber" are an interesting introduction to the subject: 

.^D BirplHne weighiuc W pounds gtrikini Che ■round at V tnt p«i BsaoDd on ■ 

If the mBchine comes to rest ullar a tnolion o[ x feet. Che work dons by (rmvity ob 
it i» ITi. and the total atoped in the .hoot abaorber i. B" Jr-h 1- (y)'}. T*. 



There will be an acceleration upwards and an increased load 
on the machine = 1.36 W. 

(b) FoUowing Gnsis 

If the machine were traveling in a following wind, which 
suddenly diminished, a similar action would ensue, since tbe 
relative velocity to the air would here also increase. 

If, on the other hand, in the case considered above the bead- 
on gust suddenly diminished to 10 miles an hour, the relative 
velocity to Ibe air wotild be ilecrcnscd to 49 miles per hour, and 

49' 
tbe lift would be dimitiislied in the ratio of -^ = 0.69 and the 

lift on tbe wings would, in this ciise, be actually less than in 
normal Hight, so that the machine would drop. 

It is also clear from the above that the gust effects are mo^t 
im|>ortant, when the s|)ced of the machine is lowest. 



'-'{■'*h{l)"! 



F -W (2 -)-^).f 



It appears that the load on the landing gear is nearly 14 
times the weight of the airplane, if a motion of only 6 in. ia 
allowed. This requires an excessive factor of safety and makes 
a very heavy construction. Of course, no allowance has beoi 
made for the collapse of pneumatic tires which may add 2 in. 
to the motion of tbe recoil mechanism. 
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Chapter VII 

Preliminary Design of Secondary 

Training Machine 



Preliminary Weight Estimates 

Every desig:ner will approach the design of a new machine 
in a different manner, and no definite rules can be laid down. 
In the design of a standard secondary training machine, we 
have the advantage of following well-known lines, with such 
excellent examples of machines tried out in practice as, for 
example, the Curtiss JN. Following such practice we can make 
very close estimates of possible weights and performances, and 
easily determine possible wing and control surfaces. A new 
and difficult type, such as a military twin-hydro, would require 
long preliminary study. 

Recalling Army Specification No. 1001 — detailed in Part 2, 

Chapter 1 — ^we have to meet the following requirements : 

Pilot and passenger, 330 lbs. 
Gasoline and oil for 4 hours' flight 
Engine between 00 and 110 b.p. 
Maximum speed, 75 m.p.h. 
Minimum speed, 43 m.p.h. 
Climbing speed, 3000 ft. in 10 min. 
Two wheel landing gear 

From the engine data of Chapter 5 we could select a number 
of suitable engines. We shall select the Curtiss 90 h.p. OX. 
It is with this engine that a student has designed a similar 
machine, the salient features of which we shall embody in the 
post-graduate course at the Massachusetts Institute of 
Technology. 

Practice shows that the above performances can be achieved 
with a weight of about 1850 lb., i.e., 20.4 lb. per horsepower, 
and we shall make this our preliminary estimate. This figure 
is slightly less than that of the JN-4, but is probably very near 
to the JN-4B. 

The first step is to set down all weights of which we can be 
fairly certain, and on which no improvement is possible, thus: 



AB 
C 
D 
E 
F 
G 
H 
IJ 

KL 



lb. 

Pilot and passenger in aviation dress 330 

~ ' 360 

50 

40 

35 

30 

220 



Engine and accessories. 

Radiator 

Water In engine and radiator and piping 
Propeller and hub , 



Gasoline tank of 40 gallons capacity 
Gasoline and oil for 4 hours' night 



2 Instrument boards, with a set of barograph, tachometer. 

air-speed indicator and clock on each 

2 Dep controls 



40 
25 



1130 



This leaves us with some 720 lb. available for the purely 
structural parts of the machine: chassis, complete body assem- 
bly, wings, interplane bracing, and tail surfaces. On the Cur- 
tiss JN-4 (Part 2, Chapter 3) we have the following per- 
centages for these groups : 

Chassis 4.03% equivalent in our machine to 

Wings 14.15% 

Interplane bracing 4.93% '* 

Tail surfaces 2.76% " 

Body assembly 15.55% 

equivalent to 280.0 lb., 

from which must be de- 






It 



«« 

«< 






74.5 lb. 
261.0 •• 
91.5 *• 
51.0 " 



ducted 40 lb. for instru- 
ment boards and instru- 
ments, leaving 246.0 



ii 



724.0 



«< 



Since we are following standard practice very closely we 
can take the above figures to hold fairly well for various parts 
of the machine. 

Choice of Wing and Area 

For a machine of this type it is not necessary to have a 
wing of extreme characteristics. It is more practical to select 
a good all-round wing, with fair structural characteristics, 
than to choose a wing with high efficiency at low speeds, but 
a low lift coefficient at maximum angles, and the R.A.F.6 can 
be adopted without much chance of mishap. 

In a machine of the pursuit type, it would be worth while 
trying a number of different wing areas, but in a training 
machine it is, in the first place, essential to secure the necessary 
landing speed, and then to attain as high a speed and climb 
as possible with careful design. It only remains for us to find 
the maximum Ky of the R.A.F.6 and the necessary correcting 
factor for biplane effects. 

There is, first of all, the question of stagger to be consid- 
ered. The increased efficiency due to staggering is offset by 
questions of weight and head resistance, while the increase in 
efficiency is not so very important. Stagger is, therefore, 
mainly determined by considerations of the view obtainable 
by pilot or passenger. On this particular machine we shall 
employ a very slight stagger of about 5 per cent, giving a good 
overhead view for the pilot. 

Overhang is likely to improve efficiency, but no aerodynam- 
ical data is available. It must be remembered that a large 
overhang, together with the aileron loads, imposes a very 
serious load on the rear spar of the wing. If any unsupported 
overhang is employed, it should be less in length than the gap. 
We should, in the present state of the art, make no improve- 
ment in the Ky correction for biplanes on account of overhang. 

We must also settle on gap/chord ratio. We have seen in 
our aerodynamical work the improvement consequent on great 
gai)/chord ratio. But to offset this, we have the question of 
increased weight and resistance of struts and wires. For tri- 
planes with their blade-like wings, a very high gap/chord ratio 
is, no doubt, permissible, but for biplanes the permissible lim- 
its are 0.9 to 1.2. We shall assume a value of 1.0 as a good 
conservative figure. 

Under these circumstances, we need only correct our maxi- 
mum Ky as for an orthogonal biplane with gap/chord ratio 
of 1. The correcting figure for this as given in Part 1, Chap- 
ter 8 is 0.81, but Dr. Hunsaker's experiments have shown that 
at maximum lift a better factor of 0.86 may be employed. 

Since at high angles the tail surfaces will also be providing 
some lift, we may safely use this figure. Any obstruction be- 
tween the wings, such as the body, will diminish the Kp^ and 
in a twin-engined machine this effect would become quite aeri- 
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oils, but it Ree<l nol be fonsidered for a Bingle-engine type. 
Constructors, in fact, using a correcting factor of 0^1 or 0.82 
and neglecting tbe lifting effect of the tail surfaces have found 
their landing epeeds Bnrprisingly low. 

The maximum Ky for the RA.r.6 is 0.00310. Extending the 
equation W = K^V to include tbe correcting factor of 0.S6, 
we have when F = 43 m.p.h. 

1850 = (0.0031) (0.88) J (43)" 

•* = (Q.0031) (0.86)4.^ = ^^^ *!■ "' "•*''='' « '»''«' " '"• 
dnde the ailerons. 



lateral stabilitjr. For longitudinal stability to place the sta- 
bilizer at 3 deg. to tbe wings is a good setting prior to a wind 
tunnel test. 

Poaition of Center of Gravity 

In order to fix the position of the center of gravity, a vector 
diagram for the whole machine is neceasary. But to draw a 
vector diagram, a wind tunnel model test is necessary, and in 
the model we have already fixed the positions of the various 
parts of the machine. To draw a probable vector diagram 




The questions ot aspect ratio is again only partially de- 
[lendent on efficiency, and a large aspect ratio introduces 
structural difficulties and tends to lateral instability. We shall 
assume an aspect ratio of 7 to 1 on both planes. If the planee 
are slightly raked, the aspect ratio will be 7 for the mid-line 
of tlie wings. 

If I = chord in feet, 7x = span, and we have 14b' = 376 
and chord = 5 ft. 2 in. and span = 36 ft. 5 in. 

We shall now fix purely on empirical grounds the length ot 
tlie uiacliine and the size of the control and fixed surfaces. 

The designer is always tempted lo shorten the length of the 
nincliiue and lo rely on a large stabilizer placed at a big nega- 
tive uiiglo, to secure static longitudinal stability. But in dynam- 
ical slnbility, it cannot be too strongly emphasized that damp- 
ing is also essential, and damping improves rapidly with the 
length of the stabilizing arm. Too short a length would give 
rapid, undamped oscillations. Tbe overall length of the Cur- 
tiss JN-4, 27 ft. 3 in., is the outcome of several years' practical 
experience, and is probably a most suitable figure. 

By empirical rules, such as outlined in Part 2, Chapter 1, 
the control surfaces may be fixed approximately at 



nngle o( 3 Aeg. to tb« wings) 



Allorous 3a sq. f C. 

Horlioutal stalilllier 28 sq. tl. (i 

Elevator 22.0 sq. ft. 

Rudder 12.0 aq. tt. 

Verilral flu 4 sq. It. 

The question of lateral stability is one which still requires 
much investigation. Purely on empirical grounds, we can say 
that with no sweepback, but a fin of the above size with a 
dihedral between the wings of 2 deg. will secure a moderate 



without a model test is a most difficult matter. We have ex- 
periments to show the vectors for an orthogonal biplane alone, 
but with every different tail setting, body, shape and landing 
gear, we have a different vector diagram. 

The best that can be done in preliminary design is, therefore, 
to make as shrewd a guess as possible, and to draw compari- 




FiG. 2 

sons from as many model tests as possible. We have fortu- 
nately at our disposal the results of the tests on the Curtiss 
JN-2, which is almost identical with the design we are fol- 
lowing. The vector diagram of this machine is shown in 
Fig. 2. Eiffel 36 wings are used, hut in general arrangement 
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the machine is almost identical with ours. In Fig. 1 is shown 
a side view of this machine, with the vector diagram of a wind 
tunnel test. 

The center of gravity is indicated in the sketch, and lies on 
the 4 deg. vector. Such an arrangement will give an adequate 
amount of longitudinal static stability. The propeller thrust 
passes through the center of gi'a\ity and does not, therefore, 
affect the stability in nonnal flight. Let us suppose that 4 
deg. is the normal angle in flight, as it very probably would 
be. Then if the machine dives to 2 deg., the 2 deg. vector 
passing in front of the center of gi-avity will tend to pitch the 
airplane back to 4 deg. If the machine goes to a higher angle, 
say 8 deg., the vector will be behind the center of gravity and 
will give a counter clockwise moment about the center of grav- 
ity tending to restore it to 4 deg. again. 

The next step is to see whether we can balance our machine 
about this point both in a vertical and in a horizontal plane. 
Before drawing up our three general arrangement views, we 
must go into a number of points connected with chassis de- 
sign, but we can use the side view of Fig. 1 with slight modi- 
fications for our balancing up. 

We shall employ the usual method for finding the center of 
gravity of a system consisting of a number of small bodies. 
That is, we choose a plane somewhere in the system as an axis 
and take moments about it, finally dividing the sum of the 
moments by the total weight of the members to find the equiva- 
lent moment arm, or distance of the center of gravity from the 
axial plane. In this case we shall take the axis at the rear 
propeller flange, that being the usual practice. 

The following table illustrates the method in detail. The 
designations refer to Fig. 1, where the positions of the centers 
of gravity of the various elements are indicated. 



Dist from Moment about 
propeller propeller 
Weight, flange flange 

Designation Name of Element lb. (ft.) (ft. lbs.) 

A Pilot 165 10.57 1745 

B Passenger 165 6.67 1100 

C Engine 360 2.59 932 

D Radiator 50 0.77 39 

B Water 40 2.86 94 

F Propeller 35 — 0.17 — 6 

G Gasoline tank 30 6.44 193 

II Gasoline and oil 220 6.44 1417 

I Rear instrument board 20 9.46 189 

J Forward instrument board 20 5.90 118 

K Rear control 12 10.57 127 

L Forward control 12 6.67 80 

M Chassis 74.5 4.59 342 

N Wings 261 6.32 1649 

O Interplane bracing 91.5 6.32 578 

P Tail 51 24.75 1262 

Q Body 246 9.11 ' 2241 

Totals 1853 12,100 

Dividing the moment by the total weight of the machine, we 
.<ee that the center of gravity of the machine is 6.53 ft. back 
of the moment axis. This brings it to a position virtually 
coincident with the tanks, and about one-third of the chord 
from the leading edges of the wings, which is virtually the 
position chosen from the vector diagram. If the center of 
gravity does not come to the desired position at the first trial, 
it may be forced to do so by manipulation of the weights, 
shifting the engines, pilot, etc., slightly forward or backward, 
as the need may be. 

A similar method, with moments taken about the ground 
line, is used to give the vertical position of the center of grav- 
ity. The actual work for this computation is omitted in order 
to avoid confusing the figure. 
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Chapter VIII 

General Principles of Chassis Design 



The design of landing gears is among the most complex of 
the problems which confront the aeronautical engineer, due 
to the many conflicting factors which must be taken into 
consideration and. so far as possible, reconciled. 

General Proportions 

The height of the chassis is dictated by the necessity of 
providing ground clearance for the propeller and by the 



allowing a total displacement of &\e or six inches, the pro- 
peller clearance with the machine stationary should be not 
less than twelve inches, thereby insuring a minimum clearance 
of six inches when the shock absorber has its maximum 
displacement. 

Under some circumstances, the governing condition may be 
the angle of incidence to which it is desired to pitch the 
machine. The greatest possible angle should, in general, 
be at least as great as that which corresponds to the burble 




Fig. 1. 



angle of attack which is desired in starting and in pulling up 
after touching the ground. The track must be suflBcient to 
insure against overturning when making a landing on rough 
ground, yet not so great that the striking of a soft spot by 
one wheel will give rise to an excessive moment tending to 
spin the machine around. The fore-and-aft location of the 
wheels is determined by the requirements of longitudinal 
stability on landing. The structure must be strong enough 
to withstand side thrusts and twisting moments due to alight- 
ing on one wheel, as well as the large direct dynamic stresses 
which are set up when an airplane lands without sufficient 
flattening out of the angle of descent. Lastly, the means of 
shock absorption must be of such quality and number that 
they will permit of high speed along the ground and of heavy 
landings without breakage of the shock absorption means 
itself and without danger of the " bottoming " of the axle in 
its guides. The play of the absorbers should also be large 
enough so that the dynamic landing and taxying loads pre- 
viously alluded to will not reach excessive values. Each of 
these conditions will now be taken up in turn, and discussed 
in detail. 

Chassis Height 

Ordinarily, the most important factor here is the protec- 
tion of the propeller. With a conventional shock absorber, 



point, and it may be advisable, if a very short run after 
landing is required and brakes are not desired, to make it 
somewhat larger than this. The following example will illus- 
trate the use of this condition : 

A two-seat tractor biplane is 26 feet long, and the hori- 
zontal distance between the axle and the point of contact of 
the tail skid is 20 feet. In normal flight, when the line of 
thrust is horizontal, the wings are set at an angle of incidence 
of 4 deg., and the point of contact of the tail skid is 2 ft. 
vertically below the line of thrust. It is desired to find the 
least distance of the lower rim of the tire below the thrust 
line which will permit the assumption of an angle of 18 deg. 
Since the wings are at an angle of 4 deg. in normal flight, 
the maximum angle between the thrust line and the ground 
must be 18 deg. — 4 deg., or 14 deg. Tan 14 deg. = .249, and 
the difference in heights of the wheels and tail skid is therefore 
20 X .249, or 4.98 ft. It is then evident that the required 
height is 4.98 -f- 2, or virtually 7 ft., a much greater height 
than would be necessitated by propeller clearance alone. If 
such large angles must be attained it is worth while to sacri- 
fice something from the perfect symmetry of the body by 
putting most of the longitudinal curvature on the lower 
surface of the body, thereby bringing the tail skid more 
nearly into the line of thrust and decreasing the height, and 
consequently the weight and resistance, of the body, to an 
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extent which more than compensates for any loss of aero- 
dynamic efficiency of the body. 

The tread, or track, is, on airplanes of conventional size, 
from 5 to 7 ft., except on slow pusher biplanes with long 
skids, where it may reach values as high as 13 ft. 

Location of Chassis with Respect to C. G. 

In Fig. 1 are shown the forces which come into play while 
the machine is running along the ground. It is evident that, 
if we assume the thrust line to pass through the c g., and 
the machine to be in equilibrium with the elevator either in 
neutral or diving position, so that the resultant air pressure 
with the body horizontal passes through or slightly behind the 
c. g., the moment P X ^^ <Jue to the upward reaction of the 
ground, must be at least equal to the moment Ry^b, due to 
the tractive resistance. We then have, since we may write 





a 



R = yP, P X a = >yP X b, or ^ = tan = y, where 

Y is the coefficient of tractive resistance. If we assume 

Y ^ 1/10, which is perhaps a fair value for a vehicle with 
large and flabby pneumatic tires running over smooth grass, 
we have 6 = 5 deg. 44 min. Since, however, it is necessary 
to allow for soft ground, where the coefficient of tractive 
resistance will be much increased, as well as for ruts and 
changes of slope, which introduce a backward component in 
P itself, it is obvious that will have to be considerably larger 
than the value given above. Lieut. Col. B. Q. Jones, U. S. A., 
states that the best practise indicates a value of 13 deg. 10 
min. for 6. 

Stresses and Structural Considerations 

An unequal distribution of stress between the wheels, due 
to landing on one wheel before the other or to a difference in 
ground conditions between the two tracks, produces a moment 
tending to twist the axle about a vertical axis. This moment 
is carried to the struts or skids by means of axle guides or 
radius rods, and thence to the body. A landing on one wheel 
generally involves a sideways motion, and the resulting side- 
ways blow is usually carried by the cross-wires, although 
some landing gears, particularly on speed scouts, have in- 
clined struts which, acting either in tension or compression. 



take the place of the wires m this respect. In order to 
resist side blows, too, a special wheel construction is neces- 
sary, as an ordinary wire wheel, such as is used on motor- 
cycles, will be completely wrecked by a relatively small side 
blow against the rim. It may be laid down as a rule that the 
length of hub should be at least twice the diametei of the 
tire, and three times is preferable. The obliquity of the 
spokes is thus greatly increased. 

Direct dynamic loads in landing have already been dis- 
cussed in this course (see Part II, Chapter 6). 

Shock Absorbers 

Rubber and steel springs are the only substances which 
have been widely used as shock absorbers. Of these, rubber 
has proved by far the more satisfactory, due to its easy 
fabrication and replacement, its greater energy-storing capac- 
ity (500 to 1,000 ft. lbs. per lb., as against 10 to 20 ft. lbs. 
per lb. for steel), and, most of all, the fact that it actually 
absorbs and dissipates the energy, instead of merely storing 
it and giving it out again. If steel springs are used, some 
auxiliary device must be employed to dissipate the energy in 
the form of heat. In the case of leaf springs, this is done 
in a fairly satisfactory degree by friction between the leaves, 
and such springs have been used on light machines built for 
smooth fields, but they do not afford sufficient give for heavy 
work. Where helical springs are used, as on many large 
pusher biplanes with four-wheeled landing gears, they are 
usually in combination with a hydraulic or pneumatic shock 
absorber. As an illustrative problem, we shall give the 
complete calculation of a rubber shock absorber for a two- 
seator tractor biplane weighing 2000 lbs., having a gliding 
angle of 1 in 7, and a speed range of from 45 to 90 miles 
an hour. We shall start with the assumption that the heaviest 
landing shock which needs to be provided against is that due 
to landing at 45 m.p.h. on a slope of 1 in 6 without any 
attempt at flattening out. 

The shock absorbers will be made up of rubber rings 2 in. 
in diameter, and 2 in X A i'^- in section. We shall use a 
two-wheeled landing gear, so that each wheel will have an 
initial load of 1000 lbs. The initial stretch will then be 

„ ^ ^ , , ' . E, the modulus of elasticity, may be taken equal 
EX^Xw 

to 300 lbs. per sq. in. for rubber of good quality. A, the 

total cross-section area of one ring, is 2 X 2 X W> or 1% 

sq. in. I, the length, may be taken equal to one-half the 

2X^ 



perimeter of the rings, or Z=^ 
number of rings employed. 



3.14 ins. n is the num- 



We then have the initial stretch = S = 



1000 X 3.14 

300 X m X n 



— , and Sy the dorleetion under any load, = — „^^ , /• being 



n 



Wn 



the total load. 

On landing on a slope of 1 in 6 at a speed of 66 ft. per sec, 
the vertical speed is 11 ft. per sec., and the kinetic energj* is 

^ — ^-^^ — , or 1.88 W ft. lbs. The potential energy possessed 

^ , making a total of TF ( 1.88 + 



on touching the ground is 



A),orT^(.94+±) 



12 
on each wheel. 



The energj- absorbed by the shock absorber is — X-7^ = 
AQ0 7 ' Equating this to the energy possesed by the machine, 



Wn s 
402 



g= Tr(.94 + i). We 



shall assume a deflection of 
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,„. 402.7 (.94 + 5/24) „,. „ . ,, 
Then n = ' ' ■ — - — = 18.54. We shall uw 

'""' = .94 + ^, and 18 « 



402.7 



18 rings and recalculate. Then 
= 378 + 16.78 s. s = 5.05 

The stress in the rubber is — X 300 = 482 lb. per sq. in., 

as against a breaking strength of 800 lbs. per sq. in., and the 

2w(l.88 + j|) 



on % in. cord, made up of 180 strands ^ in. square, showed 
a modulus of elasticity of 434 lb. per sq. in. The breaking 
load was not determined. During these tests, it was discov- 
ered that of the " permanent " set which rubber cord takes 
after being stretched, 40 per cent of ils original length almost 






the chassis = 



4000 X 2.30 
.42 



12 



21,900 lbs. At the instant of greatest displacement, then. 



every part of the machine has on it a downward load of 
eleven times its own weight. 

We have bo far assumed the most unfavorable condition 
with respect to the tires: that is, that they do not deflect at 
all. We shall now work the same problem on the assump- 
tion of the most favorable conditions reasonably to be ex- 
pected, tbat 26 X 4 tires are used, and that they ore pumped 
to such pressure tbat they collapse 2 in. under the same 
force which causes the shock absorbers to yield 5 in. The 
effect of this is equivalent to increasing the length of the 



shock absorbers by 40 per cent. We then have F 
ll'ns' 



_Wns 



and 



.5(i3.8(.94+-^) 



23.49 
equals 7 in., and n is there- 



fore — = 14.28. Only 14 rings will be needed 

under this assumption. 

Actually, a 2500-lb. airplane usually employs about 12 rings 
on each bridge, and is therefore unable to sustain conditions 
as severe as those which we have assumed. In order to provide 
the desired shock absorption capacity, machines of the size 
which we are considering use 26 X 4 or 26 X ^ wheels. These 
wheels weigh, complete with tire, from 17 to 25 lbs. each, 
and the manufacturers recommend that they be pumped to 
60 lb. pressure. 

In place of rubber rings, as specified above, rubber cord 
woven from many strands may be used. Some recent tests 





ntirely disappears after 17 hours of rest, the rubber r^aining 
II its original properties. 

Types of Chassis 

We may, in general, divide chassis into three classes: self- 
contained chassis with wheels alone, chassis with two principal 
wheels and a tail skid, and chassis built up around one or two 
long skids as a basis. There are also numerous compromise 
designs, which it is difficult to assign to any one class. Nearly 
all the land machines now built in the United States come 
into the second of these classes, although all three types had 
some vogue here at one time. 

Chassis with wheels alone were first used by Curtiss. Due 




Fig. 5 



to their complesity and considerable weight and resistance, 
they are now seldom employed except on heavy macbines, par- 
ticularly pusher biplanes designed foi' gun -carrying, where 
they are generally combined with helical steel springs and 
hydraulic shock absorbers. Such a chassis may have either 
three or four wheels, four being the more common. The fore- 
and-aft distance between the two pairs of wheels must be con- 
f^iderable, in order to insure against the machines falling over 
on its tail as it is brought to rest. 

Chassis with two principal wheels and a tail skid, either with 
or without one or two subsidiary, and usually unsprung, wheels 
in front, are nearly universally employed on machines of me- 
dium and light weight, except on the very slow and lightly- 
loaded pusher biplanes. The framework of such a landing 
gear is reduced to its lowest terms, consisting, in its conven- 
tional form, merely of two Vs, closed at the top by the lower 
body longerons, and separated at the top by a distance equal 



112 



AIRPLANE DESIGN 



to the width of Hie body, and at their lower vertices by a little 
less than the track of the wheels. The bottoms of Ihe Vs are 
connected by a strut. The two wheels are mounted just outside 
the Vs, either on a single axle or on separate axles hingped at 
the center, usually the former. The present practice is to in- 
cline the axle giiides so that the wheels travel backward some- 
what as they rise in the guide slots, but this causes excessive 
wear on the front of the slots, and experiments at the Signal 
Corps school indicate that no harmful results follow the elim- 
ination of the backward slope. Fig. 2 gives a diagrammatic 
view of a typical chassis of this class. 

On speed scouts, where the reduction of resistance is of the 




utmost importance, (he chassis is sometimes so built that it 
forms a unit with the wings. This makes possible the elimina- 
tion of all wiring from the chassis, and in a few cases from 
the wing panel as well. Fig. 4 represents a machine so braced. 

Chassis based on long skids are used on Farman, Caudron, 
and Wright biplanes. They generally embody four compara- 
tively small and light wheels arranged in a straight line, one 
pair of wheels, about 18 inches apart, being attached to each 
skid. Each pair of wheels has its own axle, and radius rods 
are used to prevent the axle twisting with respect to the skid. 
Rubber shock absorbers are used. In some cases the skids 
are carried up in front to a fonvard elevator, as in Hie Maurice 
Farman, or in the rear to the tail, as in the Candroii. Such 
a chassis is illustrated in Fig. 5. 

Among the hybrid types, involving some of the featui-cs of 
all three classes, one of the most interesting is the old Nieuport. 
In this there were 2 pairs of struts, each pair forming a V 
with the vertex downward. At the bottom of lliese was 
mounted a comparatively short skid. Below the skid a leaf 
spring, of semi-elliptic form, was clamped, and the wheels 
were at the extremities of this spring. The rear of the skid 
acted as a tail skid, aiid, in addition, made a verj- effecti^'e 
brake, as it was close to the c. g., and consequently carried a 
considerable portion of the weight. 

Brakes and Braking 

AH the devices which iiave been brought for»'ai'd for check- 
ing the speed of airplanes after touching the ground fall natu- 
rally into one of two divisions: depending either on air re- 



sistance or gi'ound resistance. The best example of a brake 
depending on air resistance is the airplane itself. We have 
already mentioned the desirability of being able to depress 
the tail to such a degree as to secure a very large angle of 
incidence, not only so that we may land at low speed, but also 
so that the drag may be increased, and thus aid in checking 
the speed after landing. 

It has often been proposed that air brakes, consisting of sur- 
faces normally lying parallel to the line of flight, but capable 
of being pulled around approximately normal to that line, 
should be provided. If two such surfaces, one on either side 
of the body and at a considerable distance from the longi- 
tudinal axis, are furnished, one at a time may be pulled out 
to act as a dreg and assist in turning the machine in a small 
circle while taxi-ing, or both may be used at once as a brake. 
The trouble with all air brakes is tliat they rapidly lose their 
effectiveness as the airplane begins to slow up. They have, 
on the other hand, the advantage that their force is exerted 
well above the e. g., so that there is no tendency to stand the 
machine on its nose. 

Itrakes depending either directly or indirectly on friction, 
with the ground for their relarding power, may be subdivided 
into wheel brakes and sprag or claw brakes. Wheel brakes. 
although they can be made vei'y powerful, are hardly ever 
used, due to their danger, which lies in the difficulty in releas- 
ing them quickly, and in the fact that they have no tendency 
to release Ihemselves automatically as tlie machine slarts to 
pitch over on its nose. 

Claw Inukes are more used than any other type. They ai-e 
usually attached to the sirut, which lies just below the axle 
in a V-type landing gear, and are hinged to that strut. The 
claw on tiie end can be brought to bear against Ihe ground 
by a lever within reach of the pilot. The advantage of such 
a brake is that, being in back of the forward point of suspen- 
sion, the claw lends to release itself as the machine starls to 
dive, pivoting about the point of contact of the wheels with 
the ground. From this point of view, the brake should be 
as for back us possible, bul the available retarding force is 
greater and the construction is simpler when it is kept near 
the chassis proper. The tail skid itself acts as a very efficient 
claw brake if it is so arranged as to caiTy a considerable por- 
tion of Ihe load. If extra quick stops are desired from a 
macliiuc, whatever type of brake is used, tlie wheels should be 
placed farther forward of the c. g. than usual, thus permit- 
liny ii larger moment to be applied at the gi'ound level without 
iipsclting the machine, making it easier to get the tail skid 
down in contact with the ground immediately after landing, 
and Ihrinving a larger porlion of the weight on the tail skid 
or sj>iiig brake, if one is used. 

11 is of interest to determine the relarding force i-equired to 

bring !i niachiiic to rest in a given distance. If, for exana- 

ple, wc ivisii to land a 2.500-lb. machine at 45 m.p.h. and bring 

it lo icst ill 200 ft. after touching the ground, we have 

^^' „.. „ (™1' 



COO 



= 7,20 ft. per see. where a is the nee- 



y deceleration. /■', the average retarding force, 



_WXi 



36"t ih.. a force which might easily be secured without the use 
of any brake save that afforded by the wings themselves. 

XoTK — The vector diagram for the JN-2, to which reference 
was made in discnssing the design of a secondary training 
airplane iu the last installment of the course, is reproduced 
herewith. The weights are omitted in order not to confuse the 
diagram, but the position of the c. g, is that indicated pre- 
viously. 
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Chapter IX 

Type Sketches of Secondary Training Machine 

General Principles of Body Design 



In Fig. 1 are shown three views of a secondary training 
machine, very similar to the JN-2, and in accordance with our 
figures of Chapter 7. 

A few modifications have been made in the process of draw- 
ing up the machine from the figures given in Chapter 7. The 
figures there were derived from empirical formulas, but in the 
present stage of the art it cannot be too strongly insisted that 
no empirical formulas hold with absolute rigidity, and that 
" eyeability " is almost as important — except in the case of 
the stabilizer and elevator, on which more data is available. 
Thus the rudder has been reduced in area from 12 to 10 sq. 
ft., and the vertical fin from 4 to 3.5 sq. ft. 

The stabilizer and elevator have been left unchanged. In 
drawing the plan view of the machine, modifications were also 
found necessary in the ailerons. The original scheme was to 
place the ailerons on the top plane only. But in order to 
secure the necessary area it was necessary, with the spar posi- 
tion selected, to make the ailerons very long and bring them 
in comparatively close to the body (with an overhang on the 
top plane this difficulty would not have occurred), and ailerons 
brought in close to the body have an insufficient leverage for 
part of their surface. The better plan seemed to be, there- 
fore, to place the ailerons on both surfaces. Their area was 
also slightly increased, from 38 to 42 sq. ft. total area. 

It must be insisted upon again that this machine is not a 
perfect specimen of its type. For instance, had an overhang 
been employed as on the JN-4, the aileron area of 35 sq. ft., 
with its greater lever arm, would have been amply sufficient. 
Also the outer strut would have been almost at the mid point 
of the aileron, thus permitting the use of a single aileron post ; 
whereas in the present case we are obliged to use two aileron 
posts. 

Another poor point is that the tail skid abuts directly on 
the rudder post. The control surfaces should never be so 
placed as to sustain injury by an abrupt landing, as might 
be the case in this arrangement. 

A drag wire is shown carried from the top of the inner 
strut to the engine. This helps to keep the body from twisting 
under the effect of gyroscopic forces on the engine, and also 
to relieve the drag bracing. Nevertheless, in computing the 
drag bracing the effects of such a wire are totally neglected. 

General Requirements in Body Design 

These may be very briefly sununarized: 

(1) Stream-Line Form 

The power plant and personnel must be enclosed in a form 
approximately stream-lined. The general shape of the body 
is largely determined by the size and shape of the engine 
selected. For the vertical six-cylinder engine the body may 



be narrow and deep. For a V cylinder engine, a wider but 
shallower body is advisable, and with a rotary engine a body 
of very large maximum diameter. But consistent with struc- 
tural and other considerations, a body should be selected which 
gives minimum aerodynamic resistance. The best form of 
body would, of course, be symmetrical about an axis. Some 
data for the resistance of airplane bodies has been given in 
the first part of the Course, but there is no doubt that con- 
siderable improvement is possible in this direction, possibly 
by employment of monocoque construction. Where a four 
girder body is used, and attempts are made to secure stream- 
line form, the designer must guard against excess weight. 

(2) Fin Area of Body 

A flat bottomed body may be very helpful in securing longi- 
tudinal dynamic stability. A body with flat sides has to be 
handled carefully. It is equivalent to a long fin, with most 
of the fin area aft of the center of gravity, and this tends to 
head a machine into the wind — an advantage if the effect is 
not excessive. Such fin area is, however, best secured by the 
use of a vertical fixed fin. With a large flat sided body, it is 
as well to investigate yawing moments in the wind tunnel. 
One of the reasons why totally enclosed bodies have not come 
into use is that with their large fin areas, they have a tendency 
to spinning. 

(3) Length of Body 

Apart from the necessary length of body to give sufficient 
arm to the tail surfaces, it is important that the tail surfaces 
should be far enough away from the wing so that the wash 
of the wings should not affect them too much. 

(4) Provision for Pilot and Passenger 

The necessary requirements are obvious. To protect the face 
of the passenger, a transparent lip is generally fitted on the 
front edge to deflect the air upwards. The back of the pilot's 
head may be stream-lined with a suitable projection. Specifi- 
cation 1002 gives standard arrangements for pilot's and pas- 
senger's seats. 

(5) Engine Installation 

Should be readily accessible and cowling easily removable. 

(6) Gasoline Tanks 

Should be near the center of gravity of the whole machine, 
so as to disturb balance as little as possible as fuel is con- 
sumed. Where it is impossible to place the fuel supply 
directly over the center of gravity, the gasoline and oil may 
be made to balance one another approximately. 

(7) £ngine Foundation 

Must be rugged to prevent loosening up of the bolts by 
vibration, transmission of the torque of the engine to the body, 
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and breaking loose in a bad landing. Nevertheless, the 
foundation should be flexible enough so that slight engine 
vibration is easily taken up. The following example will illus- 
trate the forces on the foundation bolts due to engine torque: 

Six cylinder 120 h.p. 1200 r.p.m. Torque = ^^^ ^^^^ = 525, 

2 7C /\ 20 

then if F is force on either side, 2F X -575 = 525, where .575 

is half the distance between engine bed bolts, and the force on 

either side is 457 lb. 

(8) Engine Must Be Secured Against Weaving 

When the airplane pitches, there is a tenden'»j owing to 
gyroscopic action of the propeller, for the engine to " weave " 
either to right or left. Diagonal members in the plane of the 
engine bearers as well as wires are often used. The ideal 
engine foundation would seem to be of pyramidal form. 

(9) Strength of Body 

The body must be strong enough to withstand (a) air loads 
due to tail surfaces, (b) dynamic loads in the air, (c) loads 
on landing. 

These are but a few of the requirements in body design. 
Numberless points arise in detail work, in which ex{)erience 
and care, and not general rules, are necessary. 

Formulas for Spruce Compression Members 

The most reliable data on spruce struts — the material in 
which we are most interested — is given in Dr. Hunsaker's 
note to which reference is appended. Elxperiments were car- 
ried out on Maine white spruce. West Virginia white spruce, 
and Oregon red spruce. Values varied so much for each 
specimen that it would be unsafe to use them definitely for 
wood of varied origin, of varied position in the log, and de- 
gree of seasoning, and in actual construction tests on speci- 
mens are always necessary. 

In these experiments, the modulus of elasticity found by 
observing deflection under loading was found to be 1,825,000 
pounds per square inch. Two formulas for crippling stress, 
defined as the crippling load divided by the area of cross sec- 
tion in square inches, were deduced. 

p 8.72 £ 

(1) For long struts, t. >70, -- = /L\2 where P = 

^ ^ \k) 

crippling load A = area in square inches L = length in inches 
K = least radius of gyration in inches E = modulus of elas- 
ticity in pounds per square inch. (Some designers employ 

the ordinary Euler*s formula, — 
of ^ = 1,600,000. ) 



= ///\2 usiii"" a value 



(-) 



- L 



(2) For short struts, ^ <70, ^ = G500 — 46.5 — . ( Some 

K A K 

designers employ a modification of Rankine's formula: 
A fp. 



P = 



, where fe = 8,000 lbs. for spruce, E = 



K 

fe 



1,600,000, <^ = -i^') 



By careful selection of spruce the crippling loads given by 
the above formulas can be easily secured. It was formerly 
customary to use a material factor of safety of 2 for the wing 
struts, and 11/2 for body struts. 

There arises a further difficulty in connection with the above 
formulas, in determining whether a strut is fixed or hinged at 
the ends. It is usually assumed that 



(1) wiug stmts with pin Joint fastenings are hinged at either end. 

(2) wing struts with socket fastenings of usual type are conaid- 
ercNd as being fixed at one end. and round at the other. 

(3) body longitudinals, continuous over Joints, are taken as llzed 
at ends. 

(4) body horizontal and upright struts are taken as fixed at one end 
ana hinged at the other. 

For a strut tixed at one end, and hinged at the other, the 

L 
equivalent length becomes ~^, tor a strut fixed at both ends, 

the equivalent length becomes -^. Thus the above formulas be- 



come: 



(1) Ends hinged -r 

« L 



(2) One end fixed — 
one hinged 



(3) Both ends -— 



fixed 



1 
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Body Stress Diagrams 

Body stress diagrams are still on a somewhat unsatisfactory 
basis, and a number of different methods are adopted. Al- 
though the longerons of a body are continuous, and the cross 
bracing members more or less fixed, stress diagrams are always 
drawn as if it were entirely a pin-jointed structure. Subse- 
quently, compression members are treated as either wholly or 
partly fixed at the ends. This is inconsistent but probably all 
that can be done, without very lengthy refinements. 

Factors of safety have been specified in a number of ways, 
of which we have noted some already. 

Army Specifications 1000, 1001 and 1002 

Air speed, 100 miles an hour. Angles of incidence of fixed 
horizontal tail surface, minus 6 deg. ; elevator surface, minos 
20 deg. Factor of safety not less than 2.5. This is based on 
the forces met with when the machine is violently righted 
after a rapid dive. It takes care solely of the air loads due to 
tail surfaces. When in the air the body is supported at the 
hinges of the wings, and the air loads are not transmitted to 
the part of the body forward of the hinge pins. It can be 
seen that this is by no means an ideal specification. It has 
also been criticized on the ground that no pilot can, imder 
ordinary conditions, exert sufficient force to move the elevator 
to such a position. 

Army Specification 1003 

Body forward of the cockpit shall be designed for a factor 
of safety of ten (10) over static loading conditions with the 
propeller axis horizontal. Body in the rear of cockpit shall be 
designed to fail under loads not less than those imposed under 
the following conditions: 

(a) Dynamic loading of 5 as the result of quick turns in 
pulling out of a dive; (b) superposed on the above dynamic 
loading shall be the load which it is possible to impose upon 
the elevators, computed by the following formulas : L = 
.005^11'* where A is the total area of the stabilizing sur- 
faces, i.e. elevators and fixed horizontal surface, and V \b 
the horizontal high speed of the airplane. The units are kilo- 
grams, square meters, kilometers per hour; (c) superposed on 
this loading shall be the force in the control cables producing 
compression in the longerons. 
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This specification is sounder than the previous one. It im- 
poses the air load on the rear part of the body, which is as it 
should be, and provides a sufficient d3mamic loading for the 
forward part of the machine. 

Another Suggested Method 

In the author's opinion, the stress diagrams should be even 
more complete. They should include calculations (a) carried 
through on the air loads, (b) calculations carried through on 
the landing loads, specifying some landing speed, a gliding 
angle, and travel of shock absorber. 

A Detailed Example of Stress Diagram 

In Fig. 2, is shown the skeleton framework of a JN-2 body, 
wiiich fits in with our design of a standard airplane body. 




Fig. 2 

111 accordance with the preceding paragraph, we should draw 
two diagrams for it: 

(1) With the body and tail surfaces in position shown in 
Fig. 2, horizontal tail surface at minus 6 deg., elevator sur- 



face at minus 20 deg. The air loads on these surfaces can be 
computed as follows: Lacking precise experimental data, we 
may assume that in the worst possible case, the pressure on 
the tail = .0026^7* area of stabilizer and elevator = 50 sq. 
ft. F, the highest speed attainable during a dive, may be 
taken as 100 m.p.h. F, the tail load, then equals .0026 X 50 X 
(100)* = 1300 lb. 

With these air loads computed, a stress diagram can be 
easily drawn as for a simple cantilever with supports at the 
lear body hinges. As an article in Aviation and Aero- 
nautical Engineering for March 1, 1917, shows, the stresses 
obtained in this way are in certain members smaller, in other 
members larger, than those obtained from the landing diagram. 

(2) The stress diagram on the assumption of the landing 
shock leaves room for much discussion. The difficulty arises 
primarily from the fact that it is difficult to say what the worst 
landing conditions before breaking are for which a machine 
should be designed. Also it is extremely difficult to include 
all the forces in play, which may include (a) lift on the wings, 
(b) drag on wings and body, (c) lift and drag on the tail 
surfaces, (d) the reaction perpendicular to the ground, (e) 
tractive resistance on the wheels. 

Further difficulties arise from the fact that the center of 
the wheels does not lie under the center of gravity of the 
whole machine, so that if a dynamic load is applied vertically 
at the wheels, the weight applied at the center of gravity gives 
a turning moment which must be balanced in some way or 
another. Two methods are suggested which seem fairly 
reasonable, and provide a rational method of computation. 
In the first method, it is assumed that the machine is gliding 
on a path of say 1 in 7, and hits the ground nose heavy. In 
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such a case as can be seen from Fig. 3 the reaction of the 
ground may be assumed to pass through the center of gravity 
of the machine, and a balance of forces is obtained. The 




dynamic load in such a case may be obtained on lines indi- 
cated in a previous section on chassis design. 

In the second method, the pilot is assumed to flatten out 
from the glide, and then turn up to a big angle and pancake 
down, with the wheels and skid striking the ground simul- 
taneously. In such a case, it is very difficult to compute the 
dynamic load, but a balanced system of forces is readily ob- 
tained, distributing the load between the wheels and the skids 
as shown in Fig. 4. The dynamic load factor there is taken 



as 8. In Table 1 are tabulated the stresses in various mem- 
bers. In the ensuing sections, dimensions will be allotted to 
such members. 



aq 





as 


460 T. 


av 


490 C. 


bx 


1680 C. 


cz 


2070 c:. 


ca' 


2070 C. 


cc' 


1990 C. 


CO' 


1910 C. 


ck' 


1770 C. 


ci' 


1540 C. 


ck' 


1170 C. 


PK 


.560 C. 


re 


330 C. 


tu 


3900 C. 


vw 


1410 C. 


xy 


470 C. 


za' 





gr 


570 T. 


8t 


1200 T. 


11 V 


3400 T. 


wx 


1910 T. 


y« 


590 T. 


aOj' 


100 T. 



TABLE I 
Body Stresses 



pr 
ot 
mil 
Iw 

if)' 
hd' 

fh' 



I/ongerons 
490 C. 

1250 C. 
260 C. 

1200 T. 

1600 T. 

2000 T. 

1920 T. 

1780 T. 

1550 T. 

1180 T. 



b'c' 
d'e' 
fir' 
h'i' 
jlc' 
I'c 



StrutsO 



70 C. 

90 C. 
140 C. 
210 C. 
MO C. 
9 / C. 



Wires 



c'd' 

c'f 

K'h' 

i'j' 
k'l' 



120 T. 
210 T. 
300 T. 
480 T. 
1470 T. 
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Chapter X 

Computation of Strength Members and General 
Layout of Body 



In designiug leosion members for the body, no feature is 
of greater importance than the choice of terminal fastenings 
which will permit the development of as large a percentage 
as possible of the true strength of the wire or other tension 
member. 

The main points to be considered in dealing with terminal 
connections are: 

(1) The efficiency, as mentioned above. 

(2) Quickness and ease of manufacture. 

(3) The possibility of easy and efficient repair or replace- 
ment in the field. 

(4) Reliability, i.e., the difference in efficiency between the 
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best and poorest terminals of a series all made u|i in (he same 
way should be as small as possible. 

(5) The possibilities of defects due to the use of acid and 
solder, overheating, imperfect bends, flattening of wire on 
bends, or unskillful handling of the material in the field. Tliis 
requirement is obviously closely allied to that of reliability. 

Extended tests on terminal connections of all types have 
been made by John A. Roebling's Sons Co. A summary of the 
most important results is given herewith, and reference to the 
original report is appended. 

The first series of tests related to hard-drawn aviator wire. 
The form of terminal which was most common up to a few 
years ago, consisting of a ferrule made from a coil of wire, 
through which the wire is passed and then doubled back on 
itself (Figs. 2 and 3), gave very poor and uneven results, the 
effldency varying from 60 to 75 per cent, with an average of 



65 per cent. These efficiencies were impro\ed by about 5 per 
cent when the free end of the wire, instead of being doubled 
back outside the ferrule, was wound three times around the 
standing portion of the stay. 

The next type of terminal tested was similar to tlie last, but 
was dipped in solder after being made up {Fig. 1). The fer- 
rule for such a connection may be made of a coil of wire, as 
previously, or of a strip of thin sheet metal, wrapped around 
both portions of the wire. The efficiencies obtained ran from 
60 to 90 per cent, with an average of 80 per cent. These values 
are surprisingly low, and indicate probable damage of the wire 
by overheating in the process of soldering, as a connection 
such as this, absolutely preventing any shppagc of the wire 
through the ferrule, should always show 100 per cent efficiency 
if properly made up. Tests on similar terminal fittings at the 
Massachusetts Institute of Technology have nearly always de- 
veloped the full strength of the wire, the slay breaking near 
the center on every test. The soldered joints have, however, 
the disadvantage that they cannot readily be replaced In the 
field, and they are peculiarly susceptible to poor workmanship, 
the ejects of which cannot be determined in any way until the 
break actually comes. 

In the Roebling te^ts, the best results were secured by the 
use of (apered ferrules, winding a coil of wire into the form 
of a slightly flattened cone instead of a flattened cylinder, in 
conjunction with wedges designed lo increase the friction be- 
tween the stay and the ferrule as the pull increased. Such 




wedges may be separate members, fltted between the eye and 
the ferrule, in which case the wire is looped completely around 
to make a double eye, or they may be embodied as a part of 
the thimble, which is interposed between the fittings and the 
eye to prevent any change in shape oi size of the eye under 
strain. No solder whatever is used (Figs. 13-15). The effi- 
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ciciicics ubtained wilh sucli lermitials were very umform, rang- 
ing (inly from !I2 to 96 per cent, wilh an average of 94 per 
cent. Such a termitial, althougli necessarily somewbat complex, 
hus ninrked advantages. It can reaJily be made up in the 




Miiiy nciviuitiigeoiisly lie usei] (Fig. 1!)). Thpy give 100 per eetil 
elHciency, or very nearly; Ihey require no higb degree of skill to 
apply, and the iitling in neat and simple in appearance. Tlie 
common type eonaists of a conical shell, the hole in the small end 
lieing just large enough to admit the strand. The strand is 
liassed through this hole for a short distance, unravelled, and 
the ends spread out as much as possible. The conical shell 
is then poured full of solder, and the ends of the component 
wires i-ut off tlush ivith the large end of the shell. The only 
danger in llie use of such a fittinjr arises from the liahiiity to 
det«rioralion of the solder. 

As we mentioned in the preceding chapter of the course, the 
stress diagi-am whieh wns then drawn does not form a complete 
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field, and there are unlikely lo be hidden defects, any slipshod 
workmanship being instantly apparent on inspection. 

The British standard, which has recently been adopted by 
the Society of Automotive Engineers, ealls for (he use of the 
plain wire coil ferrule with solder. A device which has been 
considerably used in England, although 
not yet employed in this country, is 
the streamline wire with swaged and 
threaded ends, thus doing away with the 
neeessity tor tumbuckles. Such wires 
are very expensive and difficult to make, 
liiit have decided advantages in prac- 
tice. They are unlikely to come into 
use except for lighting machines, where 
cost is of no importance. 

Cable Terminals 



Holh strand and cord can be spliced 
Hilh excellent results if the work is 
done by an expert rif^r. Hoebling's 
tests indicated an efficiency of from 80 
to 85 per cent for aviator cord with 
spliced and ser\-ed terminals (Fig. Ki). 
and from ftO to 100 per cent, the highesi 
valnts corresponding to the smallest 
wire sizes, for 19-wire aviator strand 
(Fig. 17). The break always occurred 
at the last tuck in (he splice, which 
would sug^i'st the advisability of taper- 
ing the splice to a greater extent. 

P'or field connections, fittings similar 
to those recommended for solid wire. 
consisting of a thimble embodying a 
wedge and a ferrule of soft wire (Fig. 
18), gave excellent resxdts, showing an 
efficiency iif 00 per cent. 

The status oi solder is Uic same as in 
the case of solid wire. 100 per cent elh- 
eieneics can be secured by the use of 
thimble, ferrule, an<l solder with either 
strand or I'jjrd. but (here is the same 
ilerial through improper manipuhUion. 
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risk of injury to the 
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basis for the choice of members, but should be supplemented 
by various other diagrams corresponding lo different condi- 
lious of loading. We shall, therefore, confine ourselves to fig- 
uring, for |>uri)oses of illustraliou, a few of those uiemljers 
which are most heavily slresw.'d utitler the conditions which 
ive have alrejuly consiiieml. 

Since a dynamic load facliir of 8 has already been allowed 
for, we shall use a factor of safety alwve this of only one and 
a half. This is Hiuivalent to an overall factor of safety, rela- 
tive to the static load, of twelve, a value which is fairly rep- 
resentative of modern practice in the design of bodies for 



In connection with the larger diameters of strand, ; 






training nnichines. The latest speciticatii 
(ioverninent calls for an overall factor of t( 
to pursuit machines, which nre (o be fiowr 
only, and in which the factoi" of safety is 
low in onlcr to nuike posssiblc ;i better perfor 
a higher degree of military safety. In the case of those por- 
tions of the iongei'oiis which arc curved lo a considerable extent 
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Fio. 28. Ii*TOtJT or Body fob Standard Tbainino Machine. 



)>etwfN!u struts, ihi' t'actont of safetj- should be conHiilerably iu- 
i?r«ased, as a strut which has even the slightest sign of initi&l 
curvature will support much less load than one which is per- 
fectly straight. 

The members lor which we shall compute the required siee 
include a loitgeiuii section, a strut, aad a wire, and they are 
marked with iiumbei-s on the layout drawing. We shall con- 
sider alt compiession members as perfectly square, although 
channeling is commonly employed, especially in struts and the 
rear portions of the longerons, 

(1) The length of the section is 40 in. We shall try, as u 
tirst assumption, a section 1^ in. square. The crippling load 

is then 17.44 X 1,825,000 X j^-^^^j^ . or 4,050 lb. This corre- 
sponds to a factor of safety of 01171) 1 **r 1.95, above the dynamic 
loading. We shall, therefore, use this section. It is well to 
have the factor in the longerons slightly greater than in the 
sii'uts, since their end conditions approach less closely lo flxa- 

(2) The length of the strut is 31 in., and the com- 
pressive load is 3,900 lbs. Here, again, a section 1^ in. 
square will be tentatively chosen. The crippling load equals 

17.44 X 1,825,000 X 31'^x r" *"' ^'^^ '*"" '^^^ ^*"*°^ "' 
safety is then 1.72. 



(3) The tensile load is 3,400 lbs. We shall select for this 
stay 19-wire strand A in. in diameter. The breakiDg load of 
such strand is 6,100 lb., and the factor of safpty, allowing for 
90 per cent efficiency of the terminal connections, is 1.61. 

The struts which carry the weight of the engine afaoutd be 
materially heavier than would be indicated by considerations 
of dead loading alone, since they are constantly submitted to 
a live, vibralive load, and, in addition, are Bubjccled to bending 
forces because of the gyroscopic action in diving. These foraes 
are calculable, but such an analysb is beyond the scope of this 

In Fig. 23 is shown the layout of the body. The only points 
at which channeled struts are used are the forward panels, 
which have the duty of transmitting the propeller thruat to the 
longerons, and thence to the wings. The other stmlA are made 
octagonal by chambering ofE the comers aUghtly. The 
longerons are channeled everywhere in back of the forward 
chassis strut, except that they are left solid for a few inebw 
adjacent to every strut. 
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Chapter XI 

Wing Structure Analysis for Biplanes 



There are many difficulties in the analysis of a bii)lane struc- 
ture: the distiibution of loading between upper and lower 
planes; tlie resolution of loading in the planes of the lift truss 
and the internal bracing; the resolution of loading to give 
bending moments on the spars, and the alternative methods 
whicli may be employed in drawing up the stress diagrams. 
But in the following notes is developed a system which is now 
generally employed, and which although it is not rigidly exact, 
gives sufficiently accurate results for practical needs, and as a 
system of comparison for machines which have been successful 
in flight. 

Distribution Between Planes 

The information available regarding jiistribution of loads 




Fig. 1 

between planes is scanty and contradictor>\ Tn practice it is 
sufficient to follow this equation : 

(1) W =(Aux)-^ +Aix, where W = gross loading of the 

machine, Au = area of upper wing, A i = area of lower wing, 

"■ ' ' . . 11 _ 

ar =2 gross loading per square foot on lower wing, -q-^' — g»'oss 

loading per square foot on upper wing. 

Unless the biplane truss falls away very much indeed from 
tlie conventional form, this will be a fair approximation. 

Spacing of Wing Spars — Limiting Angles of Incidence 

As the angle of incidence of a wing changes its center of 
pressure moves, and accordingly vaiying loads are placed on 
the rear and front si)ai*s (the center of pressure motion in a 
biplane is assumed to be identical with that of a monoplane). 
The spar spacing has to be so arranged that too great a pro- 
l)ortion of tlie load is not thrown on either of the spars within 
the range of the usual angle of flight. Tiiis would be the case 
were the spars too close together or placed so that one of them 
would be quite close to one center of pressure. At tlie same 
time, the spars must not be placed too near either the front 
or the rear edge, so that there is always sufficient depth of 
spar. Thus in tlie machine the design of which we are carrying 
through, the spars are placed as shown in Fig. 1, about 10 per 
cent from leading edge and about 30 per cent from trailing 
edge, where the centers of pressure at deg. and at 16 deg. 
are indicated. The loading is in this case 

Front spa I Hear spar 

At 0" 29.8% 70.2% 

At 16* OO.BVr 3.3.3% 



de^f]:. and 16 deg. are taken in our design as the limiting 
angles of incidence, although very possibly the machine might 
fly both at some negative angle, and at some angle above 16 
doir. 



Running Loads 



Applying equation (1) where W — 17!)3 lb. and Au = 188 
sq. ft., A I = 175 sq. It. for our machine, we find that the gross 
loading per square foot on the upper wing is ;3.4 Ib./sq. ft. and 
on the lower wing it is 4.43 Ib./sq. foot. In the same manner 
the total gross weight supported by the upper wing is 
1020 lb. and the total gross weight supported by the lower 
wing is 773 lb. 

For simplicity, the running load is assumed to be uniform 
from tip to tip of the wings, and hence the gross running lifts 
are for a span of 36 ft. (J in., 28.0 lb. /foot on upper wing and 
22.8 Ib./foot on lower wing. 

It is from the gross running lifts per foot that we obtain 
the running diifts per foot run, by dividing by the L/D ratio. 

Thus we have 

rpper wiug Lower wing 

running drift running drift 
in lb. /ft. run in lb. /ft. run 

n.DO 3. IS 



.\t o 

At nv 



L/l) 

1.-2 
0.92 



4.0.'! 



3.30 



Next it is necessary to determine the net running lift. To 
do this it is necessary to make assumptions for the weight of 
the wings and the weight of tlie interplane bracing. 

Thus for the upper wing, a.ssuming a weight of .73 lb./sq. 
ft., and half the weight of the interplane bracing of 01.5 lb. 
to be carried by it, we have a net lift of 1020 — 137 — 45.7 = 
837.3 lb. or 22.0 lb. it. run, and for the lower wing 773 — 128 
— 45.7 = 500.3 lb. or 17.7 lb./ ft. run. 

We can now tabulate our results in such form that they can 
be used in I'esolving forces in planes of lift trussing and of 



the wings. 

.\t O' 

rppi-r wii ^ 

<Iro.ss loading por foot run.. L's ih. 

Drift per ft. run front spar. 1.16 1b. 

Drift per ft. run roar spar. . 2.74 lb. 

Net lift per ft. run front spar (5.85 lb. 

Not lift per ft. run roar spar lO.lK") lb. 



V|)p<'r win^' 

Drift per ft. run front spar. . 2. To 

Drift por ft. run roar spar.. 1.3.1 

.Not lift per ft. run front spar 1.'..20 

Not lift por ft. run r»'ar spar 7.tjr» 



Pore outage front spar 20. S 
IVroontago rear spar (U>.2 

Lowor wing 

22. s Ih. 

.95 lb. 

2.23 lb. 

5.27 lb. 

12.43 lb. 

Percentage front spar •Jri.i; 
Percentage roar ^piir 'A'.\.:\ 

Ix)wor wing 

2.17 

l.Ot) 

11.80 

5.90 



Resolution of Forces in Planes of Wing Trussing and 
of Wings, and in Plane of Spar Web 

In Figs. 2 and 3 are shown the resolutions of forces at deg. 
and 16 deg. respectively. It will be noticed that the resultant 
force in the plane of the lift truss is decomposed in plane of 
the spar web. It is this component in the plane of spar web 
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Rfsolution of' Forces in Pl^ne5 or Uft Truss s Wings a-^ 0* 
Net Lift is al3o Component in Planc or 3par Web. 



Resolution or Forces tN Planes or Lirr Truss t Wings at IS*. 



FoncB IN 

Plank or 

Lift Tmuss 

ie.3 * 



foUCI IN 

Plane or 
Lift Truss' 

— 



NET Lift 6.B5 



/ 



Daac lie 



NET Lift 16.05 



Total For eg Plane of 
Win9 2.^^ 



Total fonce /w PlahE 
OF Wins 5.6* 



Force in 
Plane of 
Lift Truss 
5.34"^ 




FoncK IN 
Plane of 
Lift Truss 



-Net Lift 5.27^ 

Total Force in Plane 
OF Wing a 9* 



^Dkag .95 




N£T Lift 

IZ.^3* 



Drag 2.23 



Total roRce in Plane or 
h^iNG 4.45 * 



Fig. 2 



wliifh is subsequently used to d.aw the beiuii.i^ moiiirnt dia- 
grams lor the spars. This is a slightly arbitrary procedure. 
It wouhl be more a-curate to take the force in the plane of the 
lift truss as producing ben<:ing, ])ut there would then be the 
ecmiplication <>f computing moments of inertia about an axis 
not perpendicular to the web. 

From these resolutions it is now possible to tabulate Hguies 
which can be employed in the lift truss stiess diagram, the 
drift bracinii stress diairram, etc. 



At 0^ 
Ippor wfnj;. 
Front spar. K<'ar spar. 

Forco in planc of lift truss/run- 
ning foot. 
7 lb. 16.3 lb. 

For(<' in piano of winjr/runnini: 
foot. 
2.4 lb. 5.6 lb. 

Fon'o in planr of spar wob/ruii 
ning foot. 
U.S5 lb. 16.0ri lb. 



Lower winj:. 
Front spar. Hear spar. 

F<u\(' in |)lam' of lill truss/run- 
ning foot 



5..J4 lb. 12.67 lb. 

'%)rc'(» in piano f>f wing/rnniiInK 



I' 



foot 



l.i) 11). 4.45 lb. 

I-'orcc in pin no of spar \v<l», run 
nini; I'no' 
r^.'ll lb. 12. 4M lb. 



At 10' 



Upper win^'. 
Front spar. Hoar spar. 

Force in i>lanc of lift truss/rnn- 
ning foot. 
15.5 lb. 7.8 lb. 

Fono in piano of wing/running 
foot. 
1.18 lb. 0.48 lb. 

Force in jilane of spar \vol)/riin- 
ning foot. 
15.2 lb. 7.75 lb. 



Lower whij;. 
Front spar. Rear spar. 

Force in plane of lift trnss, run 
ning foot 
12.1 lb. 6.0 lb. 

Force iu plan<» of wing/runninu 
f(»ot. 
0.90 lb. 0.40 lb. 

Force in plane of s|»ar wob/run- 
ning fool. 
11.9 lb. 5.9 lb. 



Figs. 2 and 3 indicate some peculiar results. Thus at deg., 
part of the iiet lift is resolved into the plane of the wing, 
greatly increasing the demands on the internal wing bracing. 
Were the stagger of the biplane more pronounced, this effect 
would be still greater, and that is one of the disadvantages of 
excessive stagger. But at 16 deg., in this particular case, the 
component of the net lift along the plane of the wing relieves 
the internal wing bracing. 



Lift /^£ - 

Total Force in 
Planc or Lif-t 
Truss 155^ 



Component in 
Plane or Spar 
Web 15. e. • 



Total Force in 
Plane oft Winq 




Component 
IN Plane or 
Spar Web 77 

DRAG I. S5 



Total Force 
IN Plane of 
Winq .90^ 



CoNIPONENT If/ 

Plane or Spar 
Drag 1.09*^ 



Total Force 


IN 


Plane or 


kV/A/G 


.^o"" 






Fir,. 


•> 





Different Methods Kinployed in Stress 
Diagrams for IJft Truss 

Two (listinot methods have been adopted in getting out 
stress fliai:rams for the lift truss. 

(1) The trussing is treated as if pin jointed throughout by 
tlie ordinary bridge truss method, and the bending moments 
foi' the spars found as if they were freely supported at the 
ends, with uniformly distributed loads. 

(2) The spars are treated as if continuous, so that bending 
moments in them and reactions at their supports are found 
by theorem of three moments. Then the reactions having been 
found, the stress diagram is drawn with such reactions as a 
basis. 

The first method has the advantage of simplicity and of giv- 
ing a very large factor of safety. The second method is much 
more difficult, but probably is nearer the mark, and we shall 
employ it accordingly. 



Bending Moment Diagrams: Theorem of Three 

Moments 

Any good text book on applied mechanics treats fully of 
the theorem of three moments, so that the following notes will 
be of the briefest : 

In Fig. 4 is shown a beam loaded with unequal distributed 
loads over the two spans. At the .three supports, 0, 1, 2 
M^y M^y M^ are corresponding bending moments ; B^ R^, R^ are 
corresponding reactions; 5+„, S-^', S +o, fi* _, ; 5+„ 5 — 
are shears on either side of the supports. 
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L [lie tlirue supports and i 



llie same cross-section throughout, the bending moments at the 
su)>port3 and the loads are connected by the following formula: 

M,l, + 2[l, + l,)M,-\-MJ, = - ^- -^ . 

All difficulties in working the theory of three moments are 
■lue to mistakes in the conventional signs. 



...... tes.? 

Fio. 5 

The convention for bending moments is shown in Fig. 5. 
From this follows the rule: 

Forces to left of a point must tend to (urn a beam cloekviise 
tbout that point in order to give a poaitive bending moment 
at that point — anti-ctoekviiae to give a negative bending mo- 

Foreea to the right of a point must turn the beam anti-clock- 
wise about tAot point in order to give a positive bending 
moment at that point — elockieise to give a negative bending 
moment. 

If these rules are observed, 
the effect of the fixing moments 
is also automatically deter- 
mined. Thus if a fixing mo- fio. 6 
ment is found to be negative at 
a support, and the above rules 
nf^tive on either side of that 

The convention for sitear is shown 



R=D 



Rism»e Shcjw* 



; followed, its effect will be 
jupport. 

' 1 Fig. 6. If forces to 
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Working Oul of Bending Moment and Shear Diagrams 
for Upper Rear at Deg. 

The principles of the preceding paragraph will be best 
illustrated by working out the above case fully. In Fig. 7 is 
shown the disposition of the wing. With a total span of 36 
ft. 6 in. and an engine panel of 2 ft 6 in., we allow an over- 
hang of 2 ft. 6 in., 7 ft. 9 in. for outer span betweeu struts. 
and a smaller inner span of 6 ft. 9 in., which seems a reason- 
able spacing. The loading in plane of spar web as previously 
fomul is 16.05 Ib./t't. run. P'or simplicity's snke, we nqjlet-t 
the engine )>aiiel. 

To get bending moments at supports: 

(a) M, = 0. siiK-i; witig is hinged at engine panel; 

(b) ,r = l<iil5><_l^l):^5(..2IW-ft.; 
{(■) to lind ,l/„ we" write 

iU,(. + 2(1, + i,)M„ + M.h = — ^iHJ.r, — 14«-/, 
and by substituting in this equation, 

3/„ = 93.7 Ibs-ft, 
To get shears at supports: 
(a) iV, = 2.5 X 16-05 = 40.1 lbs. 
(h) Taking momenta about support we have 

therefore H j^__ = — 56.7 lbs. 
((•) Taking moments about support 2 we have 



therefore (reversing signs), 

S-„ = 68.0 lbs. 
(d) Taking moments about support 1 we have 

tber»^t*ore .s'^.„ = — 1(8.3 xU. 

((■) Taking moments about support we have 



therefore (reversing signs) 

i'_, = 40.4 lbs. 
To tind thf total reactions (the absolut« sum of the sliearsi, 

^■_, + '^V= = ^^= 96.8 lbs. 
;<■_, + AV= = ^'o = 13^-3 'ba- 
i-L, =K, = 40.4 lbs. 

After having found the bending moments, shears, and re- 
actions at the supports, it is very easy to draw the entire bend- 
ing moment diagram by finding points of zero shear and 
maximum bending moment. 

Thus in the outer span, if x is the distance to the light 
of support 2 of the point of xero shear, S^, = aric, and .r = 
56.7 
16.05 

The bending moment at this point is (taking forces to the 
left) 



the left of a point tend to shear the beam upward, the shear at 
this point is positive. As a result of this arbitrarj' rule, when 
finding the shear by means of bending moments, the sign as 
found must be reversed if the origin chosen is lo the left ol' 
the line of action of the shearing force. 

Observance of this rule is not so important as the observance 
of the rule for bending moments, Tt is generally easier to see 
what Imprcns physically. 



= 3.53 ft. 



JSiinilarly in the inner span, if i = 
sup])ort of the point of zero shear, 

mul X = 4.26 ft. 

The bending moment at this point 
left ) 



49.8 lbs.-ft. 

to the righl of 



i (taking forees to the 
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Chapter XII 

Wing Structure Analysis for Biplanes 



Reactions in Plane of Lift Truss Due to 
Upper Rear Spar at Degree 

At the conclusion of the previous chapter, we drew the hend- 
ing moraent diagram for the upper rear spar as a continuous 
beam, and found the appropriate reactions. But since the 
bending moment diagram was drawn for that component of 
the force in the plane of the lift truss which was in the plane 
of the spar web, allowance has to be made for it on reverting 
to the lift tniss. The running loads were in the ration of 16.3 
to If). 05. Hence reactions are 

1().3 



U^= 96.8 X 
B, = 136.3 X 
R = 34.6 X 



16.05 
16.3 
16.05 
16.3 
16.05 



= 98.311). 



= 138.4 11). 



= 41.0 11). 



Reactions in Plane of Lift Truss Due to 
Lower Rear Spar at Degree 

Since the spacing of the supporting points on the lower 
wing is identical with that of the upper winir, and the slight 
overhang is the same, the bending moment diagram and the 
shears and reactions will be in direct ratio to the loads. The 
ratio of loads on upper plane to lower plane is 14 to 11.5. 
Hence reactions are 



^2 



98.3 X 
138.4 X 

41.0 X 



1267 
16.3 

12.67 
16.3 

12.67 
16.3 



75.4 lb. 

107.51b. 

31.4 lb. 



Stress Diagram for Rear Lift Truss at Degree 

We are now in a position to draw the stress diagram for 
the lift truss as shown in Fig. 1. The only other load to be 
added is 20.3 lb., which is allowance for half the air force due 
to the engine panel acting on the rear spar. 

In drawling this stress diagram, the strut K L h assumed as 
taking no tensile load, and the lift load at F G is transmitted 
by the cross wire L M to the bod v. 

Stress Diagram for Internal Upper Wing 
Bracing at Degree 

In Fig. 2 is drawn the stress diagram for the internal brac- 
ing of the upper wing at deg. incidence. 

The spars have so much less resisting moment in the plane 
of the wing that it is perfectly justifiable to treat the inter- 



plane wing bracing as a pin-jointed structure and neglect all 
consideration of bending moments. 

The running loads per foot run are taken from the preced- 
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Fig. 1 Stkkss Diacjham of RrAR Lift Truss at Deg. 

iNriDENCE 

ing sections, with the addition of V2 lb. drift at each external 
bracing point. 

Computations for Dimensions of Rear Upper Spar 

Having drawn the bending moment diagram, the lift truss 
stress diagram and the internal wing bracing stress diagram. 



R{ AR .'iPAFt 



Front 5par 




i roR E«TCRNAL Drift at each External Ccmncctiow 



TL 




Fig. 2 Stress Diagram of Upper Wing Internal Drag 

Bracing at Deg. Incidence 

all at deg. incidence, we are in position to determine the 
dimensions of the rear upper spar. Since the worst loads 
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come on tlu; rear si-ar at this an^le of inoidenec, it is not neces- 
sary to recompute it at 10 dei?. also. 

Tlu" worst loads it has to meet occur in the inner span, 'A 
feet from the win^ hin^'^e: 

Compression from the lift diagram of 675 lb. 

Compression from the dragf diajifram of 330 lb. 

Hending moment of 44 ft. lb. 

It is first of all necessary to fix the etl'ective depth of si)ar 
for the wing- section enjployed. namely, the R.A.F.G. The spar 
is phiccd at .*)() per cent from tlie rear edge, where the thickness 
of the wing is .054 of the chord. P'or a O'i-in. chord, this gives 
a thickness of 3.34 in., or 3 21/64 in. very nearly. 

From this must be deducted the thickness of the two rib 
cajis or ilanges. The construction and dimensioninir of ribs is 
a matter of some uncertaintv and controversv, and will be 
dealt with fully in a later article. AVe will assume for the 
mimient that a thickness of Vs i"- ^viU be sufTicient for the 
rib Ilanges, so that (he 

T 



etTective depth of I he 
1 bulges will be re- 
duce 1 to .3 5 ()4 in. 
The actual drawing 
up of the beams is 
largely a matter of 
trial and error. That 
is to say, an appar- 
ent! v suitable section 
has to be drawn in its 
area, and moments of 
inertia, etc.. have to 
be computed together 
with the factor of 
safety consequent 
thereon. 
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FiG. 3 Rear Uppeh Section 



After a numl)er of trials, the spar section of Fig. 3 is found 
to be satisfactorv. 

The upper surface of the spar folh>ws the outline of the 
R.A.F.G wing section at this point, but in makhig computations 
the slight slope may be neglected. 

To compute the moment of inertia, the quickest way is to 
compute for the solid section and deduct the moment of inertia 
of the material channeled out. The moment of inertia of a 

rectangle being given by the formula -777 
1.75X3.08' 1.125 X 1.7 



/ = 



-X 4.27 — 0.40 = 3.81 



12 12 

A = 1.75 X( 3.08)— 1.125 X L^ = 5.30 — 1.01 = 3.48 
The stress in the outermost fibers will now be given by the 
formula 

f = — -|- *-p-where P — direct load, y = distance of outer 

fibers from the neutral axis and / = stress. Since P = 1120 

1120 . 



stress, 
lb., M = 03.7 ft. lb. = 1125 inch. lb. and maxinunn / 
1125Xl.o-t 



3.48 



3.81 



= 777 lb. 



Allowing a maximum fiber stress for spruce of 6500 lb., we 
get a factor of safety of 8.35, which is in excess of the 7.5 
speci-ied by the Army. 



Similar computations can be carried out for the upper 
front spar at 16 deg. — since the biggest load is carried at this 
angle. 

It must be pointed out. however, that altliough the formula 

f =-;--|-^-7^is largely used, and is, therefore, perfectly soun<l 



.1 ' / 

on a comparative basis, the factor of safety given by it is not 
exactly true. Tests on breaking beams by bending show great 
variations from the above fornnda, depending largely on sec- 
tions employed, but special values for moduli of rupture by 
bending are not available. 

For the lower wing, if the same chord is employed as in the 
upper wing, and the spars have the same dimensions, no com- 
putations need be made, since the loads on the lower wing 
will alwavs be considerablv less. Whether with the same 
chord the lower S})ars should be smaller than the upper ones 
is a matter to be determined laraelv from the manufacturinir 
point of view. 

A Complete Example of Wing Analysis Arrangement 

In Fig. 4 is shown the complete analysis for the wing 
structure of a Cnrtiss biplane. The methods employed in get- 
ting out this analvsis are substantiallv the same as indicated 
above, and the method of presentation is an excellent model. 

Computations for Shear in Spars 

Wood is so nnich weaker in shear than in either tension or 
compression, that it is somewhat surprising that designers do 
not make comjjutation for shear in the spar web — although 
spars are always made solid for 2 in. or 3 in. on either side of 
a supporting point, to allow for the maximum sliear occurring 
at such points. 

The maximum longitudinal shear for a beam which is sub- 
jected to vei'tical shear occurs at the neutral axis, and its value 
is deteiinined l>y the formula 

F 

wJiere /" = vertical shear at the point due to external loads, 
/ = moment of inertia of whole section, h = breadth of web at 
neutral axis, -I, — area of section above neutral axis, y = dis- 
tance of cenlroid of this area from the neutral axis. 

Thus consider the same upper rear spar 6 inches from 
support (>. The shear at this i)oint, as given by the shear 
force diagram of Fig. 7 of the preceding cliapter, is 60 lb. 
Considering the section of spar shown in Fig. 3: 

/ = 3.81 in.' 
.Ij = 1.76 in. 
// --= 0.025 in. 
// -- 0{I3 i'.i. 

Allowing shea ling value ot spruce to be 400 Ib./sq. inch, we 
have a factor of safety of 9.7, which is amjdy sufficient. But 
cases might occur where the shear near supports is very large, 
and resistance to shear being largely due to the web, it is al- 
ways advisalde to make such computations. 
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Notes of Aerial Propellers 

By H. Bolas 

Presented by Mervyn O'Gomuin, Superintendent of the Royal Aircraft Factory 

Reports and Memoranda, ISo. 65. March, 1912 



The object of the present notes is to' irive an account of a 
method which has been employed in propeller design at the 
Royal Aircraft Factory, with some particulars as to the theo- 
retical assumptions on which it is based. In principle the 
method is essentially the same as that which has been described 
by M. Drzewiecki,* and is commonly referred to as the con- 
stant incidence method. 

Constant Incidence Method. — In this method the propeller 
blade is regarded as an aerofoil, ea<'h element of which makes 
a constant angle with its path in space. In other words, the 
blade is treated exactly as thougli it were an air]^lane, except 
that the path of the blade is a helix instead of a straight line. 

The path in spac^e of any point of a propeller moving for- 
ward with constant velocity is a helix, the advance of the screw 
per revolution being called the ])itch. If the angle of the 
blade at any point corresponds with that of the effective helix, 
the only resistance to motion is head resistance and skin fric- 
tion, and no thrust is obtained. If, however, any element is 
set at some angle of incidence to the effective helix it becomes 
an aerofoil possessing lift and drift, and a propeller so de- 
signed will give a definite thrust. 

In this method, then, the angles of the effective helix are first 
calculated for various fixed points of the blade for a given 
velocity of advance and a given propeller speed. Each of these 
angles is then augmented by the angle of attack. 

Value of Angle of Attack. — The value of the angle of attack 
to be used depends chiefly on the form of blade profile adopted. 




Path of Element 



Fig. 1 

Consider Fig. 1, which is intended to represent a section of an 
aerofoil, or of a })ropeller blade, in motion. I) = drift or re- 
sistance to motion; L = lift (not to be confused with thrust of 
element ) \ B = angle of attack ; G = gliding angle, or ratio 
1)/L nearly. As the angle of attack B is varied the ratio I) /L 
will also vary, and for some particular value of B this ratio 
will be a minimum. It is this value of B which, on this method, 
is employed, so far as possible, in practice. As already stated, 
this best value de[)ends on the form of blade profile; it is 
usuallj' found to be in the neighborhood of 4° \ for good 



♦ See Abstracts No. 45, Report for 1909-10. 
»Cfir« Helicoidaux et Methodt 
Paris, F. Ixmls Vivien, 1909. 



Theorie Oenerale des 
Propulseurs Helicoidaux et Methode dc Calcul dc ces PropuUeurs pour 
VAir. - ' - " 



forms. It is well to note, however, that in some cases it is 
impossible to use this best value, as the width of blade required 
may be too great. In such a case a compromise must be made 
and the angle of attack increased. This only happens, how- 
ever, when the primary conditions are bad. 

Efficiencij of Elemental Strip.t and Curve of Efficiencies 




Fig. 2 

(see Fig. *J). — Let .1 denote the angle the effective helix makes 
with the line at right angles to the axis, B the angle of attack. 
Also as above, let D/L = K = tan G. Then the efficiency E of 
the element is readilv shown to be given bv 



E = 



tan A 



MmiA -\-(r) 

and for variation of (r, E is a maximum when G is a. minimum. 

From this a curve of efficiencies for different values of the 

angle A can be plotted (Fig. 3). The curve in Fig. 3 has been 
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Fig. 3 

drawn for G = 4° 35'. In propeller diagrams it is more con- 
venient to employ r/pe as abscissa instead of the angle -1 

t See Notes added June, 1912, p. 136. 

t Defined as the efllciency of a strip of blade at radius r and of 
width dr this strip being supposed not isolated from the neighboring 
elements. 
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where /> is the effective piteh, the rehuion })etweeii them beiii^ 

1 
r/ jh — -^— . cot -1. 

One other })oiut uiay be ineiitioned — the question of varialinn 
of etHciency as we travel out alonj; the bhule. It will be spen 
from the curve, that as we increase r pc the elliciency incrcijsc^s 
very rapidly at first, and reaches a maximum at the point where 
r/pe = 0.17 (or A = about 43°). From the formula ^iven 
above for E it is readily shown that E becomes a maximum 
where .1 =45° — (^'/-). Thus in the particular ciise given, 
G = 4° 35,' and the angle for max. etiiciency = 42° 43'. As 
r/pr increases still furl her, it will be noticed that the efficiency 
dex'reases and continues to do so. Hence, beyond a certain 
radius on the* blade the elements get less and less efficient 
towards the tij). This is an unt'ortumUe point in the design 
of actual propellers. 

Propeller DiiKjrams- Supposing the velocity of advance, 
the revs, per minute of the propeller, and the horse-power of 
the engine are known, we <'i\\\ now proceed to set out our 








Fig. 4 



diagrams. The scales of these are in the first place inunaterial. 
{See Fig. 4.) It will be best to ex])lain tirst the meaning of 
the various curves, and afterwards to devote some attention 
to the ideals to ])e aimed at and the detennination of scale. 

Curve 1. — This is termed the Linear (irad'nuj Curve, and its 
ordinates are everywhere proportional to the blade widths, 
these being supposed to be developed on to the i)lane of the 
paper. 

Curve 2. Pressure per .sq. ft. curve. — The pressure upon the 
blade per unit area of surface at any point depends principally 
upon (i) the form of section, (ii) the angle of attack, (iii) 
the velocity of that particular point relative to the air. Let 
C be a constant depending uj)on the form of section. Let B 
as before be the angle of attack, and V'f the velocity of a 
particular element relative to the air. Then we may write with 
sufficient truth — 

Pressure per scj. ft. = CBV t', 
and since C and B are constants along the blade we can write 

Pressure per sq. ft. a Vt'- 
Xow if V be the axial velocitv of translation 

Vt' = T'ysin"^4. 
But V' also is constant along the blade. We may therefore put 

Vt' a 1/sin^'l, 
aiul it is now only necessary to plot a (*urve, the ordinates of 
which are proportional to l/i^inA, in order to obtain the pres- 
sure per sq. ft. diagram. The scale is for the present imma- 
terial. 

Curve 3. Load Grading Curve. — Consider any value of r/pe 
represented by Ox. Then at this point the width of blade is 
represented by xy. Evidently then the quantity {xyy(^x2) 
will be a measure of the load per foot run on the blade, and 



it' we perform this o|)eration for a number ot points at dif- 
ferent radii we can draw a curve, the ordinates of which will 
represent the loading per foot run. C'urve 3 (Fig. 4) has been 
obtained in this way. 

Curve I. Thrust Grudiinj Curve. — The thrust grading curve 
is such that the ordinate at any point represents the thrust per 
unit length (per foot) of blade, and is o})tained from the load 
grading cun'e in the following manner. 

Consider the sketch shown in Fig. 5, which represents a sec- 
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tion of the })lade at any radius. The line HO, which repre- 
sents the pressure per unit length upon the element, makes 
with the axis (or direction of thrust) an angle {A-\-G). 
where as before A is the angle the effective helix makes with 
OJ/, and G is the gliding angle. Both ^1 and G are known for 
any point of the blade. Xow we have: — 

Thrust per loot run -- load ])er foot run X <'0S {A -\- G). 

The ordinates of the thrust grading curve are thus obtained 
from those of the load grading curve by nudtiplying by cos 
{A-^G). 

Curve .). Eljieieneij Curve. — The values of the angle A and 
gliding angle G being known, the efficiency at any point is 
2:iven bv 

t an.t 

tan (.l + c;) 

and an efficiency curve can be plotted as described earlier. 

It should be explained that the order in which we set out 
the diiigrams will depend upon our initial data. For instance, 
if we are given the shape of the thrust grading diagram, we 
may tirst lay down the load grading diagram, then the pressure 
])er scpiare foot curve, and finally, from the i>revious two, the 
linear grading curve, viz., the ])lan form of the blade. On 
the other hand, if we start with the plan form curve, we may, 




Effective Pitch 

Fig. 6 

by reversing the above process, finally arrive at the thrust 
grading curve. In practice the latter method is always adopted 
for reasons which we are now in a position to explain. 

Ideal Curves. — If we assume as an ideal condition that the 
velocity in the slip stream is everywhere parallel to the axis 
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liiTK-o IIh' lliriist al any uiiliiiM. v.itl bi- ino])i)rtiorml to lliiu 
nulius. Ill oIliiT wonls, llii- irifiil ihnist (iniiiing ilingrani is ii 
slrjii;rlit liiu' paswiiii; llinmslL tbc origin, as shown in Fip, — 
ACim. Ill priU'lici', liDHcvcr, siicli ii I'onn at liiiiKram winilil 
lie uinlcsiriibk', cvi-n ii' allitiiuibtf. and soTiif (■(iniprniiiisc as Ibiil 
sket.'bfil ill rifr. G— .IKfl— ivould have to be udoptcil. Acporrl- 
injr 111 Mr. LaiiehfsiiT, Ibc licKt practical shape of tbnisl jtrml- 
iiijr riirvi- is tbal sbown in tlii' next lifru"'. in which " con- 





uever lie Miipluycd in ]inii-lii-t', sini-c uiiiit'r existing toniii lions 
we should r^iuirt' an iTiiLiiense hIa<U> wiiltli and a very lai^-c 
diameter in ovilcr to obtain the iii^nU'd Ihnist. It la uaclul, 
however, inu'^niwh iis we know (hi; dirwliori in which to work 
when {fiveu (jnod coaditions at the sUirl. 

When desiKiiinj: then, as 1 have idi-etuly slated, we invariably 
bepin with our pUiu fomi, and finisli n|> by oblaiaiiig a thrust 
gradinf; dia-fraui. whieh will aHually differ considerably in 
shape from the iileni diiiKraiu first described. 

The |»ropeller curves beinfr laid down, it only remains now to 
ffive Iheni their proiMT seaU's in older Dial we may satisfy the 
initial re([iiirements. 

Iletefni'miitiiiii of .SVn/''s.— Sini-e tlic ordtnalcs of the thrust 
I, adinj; diasTinn aii' nieasui-es cd' tlip thrust per foot run ahnig 
Uii b)>i<k', aiid the abscissae I'ejjrcsenl the radii in feet [p, the 
ellective piteh bein;; eoustaul). it will be evident tliat (he iirni 
ot the thrust {{rarliiig diiitriaiii represents to some si-ale tin total 



thru> 



1 the bin- 






ade 



where f is the tol.il thrust of the projieller. 

Ijet ji = honzontal Stale (known), vij;., 1 inch on dui!-! iiii 

}> ft ot radius 

Iicl q = \er\\QB\ squute ( re<[uire(I ) , viz., 1 inch on diagrajn 
= (/ lbs. per It. 

Then ;■'; X '^i^*' "f diajrrani in square inehea = Thrust per 
Idaile. 



I per blade, ii 



aud it is then only necessary to lind (. the tl 
onler to deiemiine i-ompletely the vertical s<-ale. 

Before ( <'Bri be caleubiteil, however, the total ellieiency of 
l!ie i.r..pell.-r must !«-■ found (se«- Fiff. 9). To do tins we divide 
up our tlirust gradiiifr diagram into a number of parts and 



ii-'"le ' )>i.mts !;,■ <\uy-r:n» !ia-e opial elliciencies (Fi;. 

■j- 

If. however, we sliirleil out with a diagram of this typr^. ami 
rom it eonslructeil a linear grading curve, our linal plaii fiinii 
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comimte the rireii of eaeh. 

is now read off on Ihe effici 
orresponding area, and nil I 
ned up. The sum arrived nl 

of Ihe thrust grading liiiiu'rai 



heii TV :>m = II. K 

Ve then lla\e 

Tbrnsl per blade - J No. o1 blades. 
The thrust jier bhide having been thus aseertained, the 
erlieal scale of tlie tlinisl grading diagram is calculated as 



Thus in a gi\en 


ease H = . 


8. K = .(>7 


rilerefoiv 








r;8 X ( 


7 X r)-.!! 



.7:1 
No. of blades = 4. 

Tlierefore, thrust per blaile = 73 llis. 
Further, area of thrust gradiuR diagm 
p = 0.:J81 ft. 



7:i 



-= 4,7 



Iler 



1 |>er blade 



In this e<(uation the horiy.otitul seale p is known, the aren 
the diagram may easily be computed by means of a planimc 



llnu lliruugb tbc origin cutfl Iho [tin 



le iwiDtB in wblch m atralgtit 
t grading diagram. 



' 411 <() iHI 

I oiitl <irnihii'i ( urn —Sum ihi-, w is obtainid by dmding 
the orilinates ol the thnist giading turn b\ lo*. (4+C), 
whuli IS itselt a mere ratio {and has therefore uo dimensions), 
the scales, both thiiist and load grading curves, uill evidently 
be identical 

Pressure per aq ft Curie — -riie d( t emu nation ot the id 
(en=iitv of pressure on the blade at am point is ot lourv; a 
matter for experiment, and the data at present available art 
somewhat seant\ In an aiiount ot the retent e\peniuent8 of 
\r Eiffil howner, a tunc will bt found whi.h gnes the lift 
and dntt tor a particular torm ot section, and this tonn of 
section IS the one we have adopted. A rough" reproduction of 
M. Eiffel's curve is shown in Fig. 10, some expliintion of which 
is perhaps necessary. 

The angles of incidence (viz., angles of chord UV) are 
marked along the curve itself. Consider the point where the 

• Nore, — TbiB cUTre Is (o be taken ns dldgnimmadc anlf. 
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angle is 4° (P) and let the ordinate there be denoted by K'y 
and the abscissa by K'x. Then we have for this particular 
angle of attack — 

Lift i)er unit area of surface = 7v'/y X (velocity)'. 

Drift '' '' =K'xX 

Further, if the point P be joined to O, the angle POY is the 




0.005 0.004 0.003 0.p02 0.001 0.000 

K'x Jo 




<— - 4 X— 7 




Form of Section 

gliding angle of the aerofoil, since the tangent of PO) is the 
ratio of drift to lift of the plane. It will therefore be evident 
that the best angle of incidence is obtained by drawing a 
tangent from O to the curve, since this gives the least value of 
drift/lift, and what is more, it will be seen that the best angle 
for this particular section is 4°. With this preliminary ex- 
I)lanation we can now proceed to the scale of our diagram: 
choose s(mu^ i)oint on the blade, say the point X when* r >< = 
0.0. 



Then as before explained, 

cot A - 



27cr 



— ; whence A = 10° 2^, 
and sin A = 0.1742. 



But we have previously shown that 

Absolute velocity of point = Velocity of advance sin A. 

= 420 ft. per sec. 
Now from Eiffel's curve, for angle of attack = 4*^, Kj, — 
0.0005* (in English units). 

Therefore, lift in lbs. per sq. ft. = Kj, ( velocity in ft. per sec. ) ' 

= .0005 (420) - = 88. 

* A'v (KiiKlisli uDits) = Eiffors constant -r- 50. 

NOTK.- Xuinorical examples to be treated as Indicatinfr nu'tliod only. 
See notes added June, 1012, p. 185. 



Again, we have from the pressure per sq. ft. curve — 

XZ= 3".42 

= 88 lbs. per sq. ft. 
Therefore 1" = 25.7 lbs. per sq. ft., 

thus fixing the scale of our pressure per sq. ft. cune. 

It will be noticed in the above that I have taken actual lifts 

on blade instead of total pressure, viz., V (Ky^^ -\- Kx).V% 

but the difference is usually so small as to be negligible. 

Linear Grading Curve. — Again consider the point X of this. 

where r/p,> = .9 

We have 

(Ordinate of blade j .. ^ pressure per ) , j «, /. 

in feet, at point ( ^ > sq. ft. in lbs. I = '°**^ P^"" ^*- '^^ "^ 

blade. 

,v |. ^ p I , , . oi , -4. load per ft. run 
Onlinate ot t)la(Ie m tt. at pomt = — 

pressure per sq. ft. 
_ XM X 4.79 _ 

XM = 7".33 
XZ = 3".42 

X = 1".7 = 0'.4 of blade width. 

1" = 0'.235 of blade wirlth 
We have also 

Max. blade width = 0'.557 = 6".8, say 7" wi<le. 

The scale of the linear grading curve being known, we are 
now in a position to set out our propellers, since the blade 
angles at the various radii have been previously determined. 

Number of Blades. — At the present time, the majority of 
propellers in use are of wood, and hence two or four bla<^les 
are employed, three blades being excluded for constructional 
reasons. 

It is diflficult at present, until further experimental data are 
available, to decide as to the relative merits of two- and four- 
bladed propellers. The four-bladed propeller is possibly better 
aerodynamically and from the point of view of balance, but 
the two-bladed propeller involves much less work in construc- 
tion and is stronger at the boss. 




Vui. 11 

Interference. Interference, or the disturbing action which 
any oiu^ })lade exerts upon the air dealt with by any other, is a 
matter about which little is yet known. The following sug- 
gestion is put forward merely as atl'ording a rough guide in 
design. 

Kevertinir to comparisim with the airplane, moving in a 
continuous straight line, we may look upon the blades of a 
propeller as superposed aerofoils which travel in a lielical 
path. Assume that the tliickness of air stratum affected by 
the blade is a constant i)roportion of the blade width at any 
point. Then we may write (Fig. 11) 
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(n = No. of blades). 
Let blade width at jioiiit = h. and pul, lu-i-o 

m. ^"^ - m. 



assumptio 
Then h v 



If we now plot ii cun'e where iibstisaa represent ruilii, or 
r/p,; and whose ordiimtea are the cali-ulated values o!' — J-i--- 
cos A, we shall arrive at what we eull Ihe limit curve, and Ihe 
liiH'iir cune should at all points lie within this if there is lo be 
no interference. Su<-h a cnrve has been plotted for the case 
of the pro|>eller already mentioned, and is shown in Fig. 12. 
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Fig. 13 
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Bending Stresses. — {See Pigs. 14, 15, IG.) 

In order to determine the bending stress, a bending n 



Coiistruction and Strength of Blade. — Having now indicated 
the method of fixing the sizes of a propeller in order to satisfy 
given mechanical and aerodynamical conditions, it would ap- 
jwar desirable to devote a little attention to Ihe actual con- 
structional design. The following remarks are made with 
reference lo the usual type of wood propeller, though the man- 
ner of procedure is quite general whatever the material 
ado]>ted. The process is essentially one of 
trial and error. The extreme radius of the 
blade being known, a number of sections are 
decided upon, say 6 or 8 inches apart, and 
the blade angles at these points computed. 
The linear grading cune will now provide us 
with the necessary blade widths, and it is only 
necessary to set these down at their proper 
projection in order to determine the true plan 
form. The distribution of the width, however, 
about a line through the centre of the blade 
root has yet to be discussed. It is usual in 
design so to shape the blade that twisting ac- 
tion is either greatly minimized, or eliminated 
altogether, and for this reason a symmetrical 
plan form is undesirable. Fig. 13 will explain 
thb point. 

A number of preliminary trial blade sec- 
tions must now be sketched out, and previous 
examples of similar design will act as a good 
guide as to the thicknesses required. The next 
point is to estimate the strength of the blade, 
and the stresses to which this is subjected must 
lie divided into (1) Centrifugal, (2) Bending. 
These are to be treated separately and then 
added together. 

(1) CentrifugaJ Stresses. — It has been 
fonnd convenient to write out the calculations in column fonn 




c 
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diagram for the blade is first drawn, and it will usually be 
found good enough to assume all the loading uniplanar. Tak- 
ing each of the elements A, B, C, D, E and F, estimate the lo:id 
each from the load grading diagram thus 
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The beiidiiijj: monionts at ea<'h of the sections 1, 2, 3, 4, 5 and 



Bending Moment L B. Inches 
2037 



12 99 ^^^ I 

--- T: - 313 >-^ 



— 604 - 



783 



•^■220 




Fig. 17 

6 are now known, and the moduli of the sections are to ho 
computed either j^rraphically or by dividing: up into parts an<l 
estimating for each ]>art. 



Then 



Bendins: moment on seclion 



— Stress due to l)endinir. 



Moduhis of section 

The sum of centrifu<2ral and bending stresses at each section 
will then be the maximum skin stress to which the section is 
subject<»d. (See table.) 



}?«Ttion 



1 



Centrifugal Htross. lbs. sq. iiu-h. . i 020 
Bi'DfiinK Htrcsw. Ib.^. mi. inch ' 1 l.^O 



Total Htross 



1770 
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Materials and Stresses. — Walnut, Honduras, maiiojjanv and 
sj>ruce are the best materials for a wood propeller, and wal- 
nut, thcmgh the heaviest, is pro})ably the best of the three, since 
mahogany is more inclined to warp, juid spruce is rather weak 
in tension. The ultimate tensile strength of walnut and ma- 
hogany is about 4 tons per sq. in. ( though, oi course, it varies 
considerably), so that a working load of *2,()00 lb. per scj. in. 
may be considered fairly safe. As a matt<^r of fact, in order 
to insure good jointing and provide the recpiired stiffness when 
in action, the best working figures are foimd to be 1, (>()() to 
1,800 lb. per sq. in. for walnut and mahogany, an<i 800 lb. per 
sq. in. for spnu'«. These figures are for the root where the 
materials are most highly stressed. 

Having strengthened uj) the sections satisfactorily, the next 
process is to arrange the laminations and ** fair up '* the con- 
tours. For glueing purposes the thickness of the laminas 
should be in the neighborhood of 1 inch (except in v(»ry small 
propeUers). It will usually be found on setting out the con- 
tours that it is impossible to draw a fair eurve through the 
series of points obtained primarily — the blade sections must be 



revised until this can be done. Probably the best method is 
tirst to draw a smooth cur\'e to lie evenly betwcjen the contour 
points and then reset out the .sections to suit. 

Before leaving the dis^'ussion of blade strength, it may be 
advisable to say a word or two as to the conditions governing 
the employment of thick and thin bhides. In the case of a very 
fiust running propeller in which the thrust is comi)aratively 
small, th" stre4^s produced by ceiitrifugal action alone is a large 
proportion of the total, and no advantiige is gained by un<luly 
thickening up the sections. This will be evident where we con- 
sider that an increase in sectional area means a i)roportionaI 
increase in weight, and therefore in centrifugal force, the 
centrifugal stress remaining cimstant. On the other hand, a 
slow-moving propeller with a big thrust rt»quires the reverse 
treatment. A larg;' pioportion of the total stress is now dut* 
to bending action, while the centrifugal stress is of minor im- 
portance. Hence a I'airly thick blade section now becomes 
advantageous. 



XoTKs ADDKi) JiNK, l!U2.— More reci'iit experiments have 
atlorded us the following additional data: 

hjiffeVs Experiments show — (1) that tor different shapes of 
section the best angle of attack reuiains coi:stant. (In the par- 
ticular case tjiven it wjis 5°.) This wouhl in<licate the inad- 
visability of em|)loying a variable angle of attack, unless it be 
found that very high velocity has a big effect. 

(2) That the bt^t gliding angle varies a little. For the 
effective portion of the blade this variation is not great. The 
mean value was (S'^ . 

(3) That the lift constant vaiics somewhat (as one wouhl 
ex[>ect ) for the different sections. 

The Satiitual Phifsieal Lahorati/rif K.rprrimenis are valual)le 
so far as ordinary aerofoil exi)eiiments can bq applied to 
|)ropeller design (and these are i)ractically all we have to go 
upon at present). They indicate the advantiige of employing 
a thin section. Strength consideralions, however, forbid this in 
the case of wood, and we are thus led to the s4»rious considera- 
tion of metal construction. 

K If eel iff Plan Form hjh/h Kfjicicin'n. — Purely mathematical 
treatment has led to the conclusion that verj' little is to be ex- 
pected in the direction ot effect of j)lan form upon etticiency. 
The two cases which have been treated are — 

(a) Triangular developed plan form with a])ex at blade tip, 

[h) Triangular developed plan fonn with base as tip. 

The integration is cumbersonu* and is not given here. It was 
found that the total efiiciency of the i)roi)eller could be repre- 
sented very approximately by the expression 



where 



1 



1 -|- K tan (/ ciJt 



K = 

a = 
= 



a constant depending upon plan fonn. 
gliding angle of section adopted, 
angle of effective* helix at tip of blade. 



an 1 cot - 






where I) = diameter, and pi = effective pitch. 

A' was found to be about 0.6 in case {a) and 0.8 in case (6). 

Thus as a first apj^roximation for the efficiency of a propel- 
ler we mav use the fornnda 

1 



1 + 0.7 tan (r cot 6 

The results g^ven by this will be found to agree very well 
with those obtained from the diagrams. 



Addenda 



Summary of Procedure in Design 

Data initially required: — 

Horse Power and r.p.m. of engine. 
Estimated speed of aeroplane or dirigible. 
Number of blades required. 

1. Fix diameter (tf propeller. This should usually be as 
large as the general design will allow. It is here assumed 
that the propeller is direct driven from the engine. If geared 
down, the speetl of rotation will first have to be decided upon. 
Experience is the onh^ guide as to what this can conveniently 
be for the weight at our disposal. 

2. Calculate effective pitch {pe) and angles of effective helix 
(A) at suitably chosen radii. Tabulate these and augment 
each by angle of attack (say 4 degrees). 

3. Decide upon the general developed plan form of blade. 
Here again experience will help us. A blade which tapers 
towards the tip has greater efficiency and has its material better 
distributed to withstand stresses than one with full tip. Plot 
linear grading curve. 

4. Plot pressure (lbs. per sq. ft.) curve, remembering that 
this is proportional to l/s\i^A (Scale at first quite immaterial). 

5. Lay out load grading cur\'e by multiplying ordinates of 
(3) and (4). 

6. Lay out thrust grading curve. This is obtained by multi- 
plying ordinates of (5) by cos (.1 -f- ^^) where Tr = gliding 
angle for i)articular section to be adopted. 

7. Calculate values of tan A/Xan {A-\- G) for various radii 
and plot efficiency curve. 

8. Compute total efficiency of blade from above curye and 
thrust grading diagram. 

9. Calculate total thrust and then thrust per blade, knowing 
horsepower of engine, total efficiency, and velocity of advance. 



10. Obtain scales of diagrams and thus true blade widths at 
various radii. 

11. Plot " limit " cune for blade width to ensure no inter- 
ference. 

12. Lay out preliminary blade seitions at correct angles and 
subsequently projected plan form of blade, havang regard to 
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Flat Working Space 



\< 20 



h- 




-^-M'^mo. 



Fig. 18 



elimination of '' twist.'' A good form of section is shown in 
Fig. 18. 

13. Investigate strength of various sections, finding first 
centrifugal, and then bending stresses, afterwards sunnning 
to obtain total. Do not exceed stress at root of about 1,800 
lbs. per sq. in. in case of walnut or mahogany, and 800 lbs. 
per sq. in. for spi-uce. 

14. Set down blade laminations and plot contours. The 
thickness of laminations should be about %" to 1" in ordinary 
j)ropellers (say about 8 to 9 ft. diameter) and the contours 
should be smooth continuous c-urves. Adjust sections judici- 
ously until correct. 

L5. Desiofu boss and run blade root into boss bv suitable 
curves. It is advisable also to lay out a blade section quitf 
close to the boss. In this part of the blade the chosen form 
of sec»tion will usually have to be departed from, but this is 
not a serious matter. The tingles of such sections, however, 
should not be less than the corresponding effective helix angles. 
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